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Abstract 
Rivers and lakes are subject to various forms of pollution from anthropogenic activity and 
natural sources. Many pollutants, such as those from agricultural runoff, are transported in rivers 
by binding to sediment. Sediment itself is a pollutant, and is often an indicator of terrestrial 
erosive processes. 
Common methods of establishing sediment provenance on a broad scale include the use of 
fallout radionuclides and geochemistry. In 2008, Dr. Max Gibbs published a sediment tracing 
article on the use of compound-specific stable isotopes (CSSIs) of plant origin which identified 
sediment sources based on land use in sub-tropical New Zealand. The objective of the research 
undertaken here was to apply the CSSI concept to agricultural watersheds in a northern, 
temperate climate. 
Two watersheds were selected: the Horsefly River Watershed (HRW) near Horsefly, BC, 
Canada and the South Tobacco Creek Watershed (STCW), near Miami, Manitoba, Canada. The 
HRW represented a mostly pristine watershed. The STCW represented a heavily cropped 
agricultural watershed. The HRW samples were used to develop laboratory methodology, while 
the STCW samples were used to evaluate the CSSI technique using carbon stable isotopes.  
The dissertation addresses the following: (i) literature review of plant biomarkers and 
spatial/temporal variability of CSSIs due to biological, environmental and analytical factors; (ii) 
methodology, analysis and variability associated with bulk soil and sediment isotope 
determination using a combination of acid fumigation and EA-IRMS techniques; (iii) 
methodologies for processing soil and sediment from sampling to extraction, purification, 
derivatization, and subsequent isotope analysis by GCC-IRMS; and (iv) spatial and temporal 
variability of CSSI tracers. 
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The CSSI tracers were evaluated to reveal spatial and temporal variability of VLCFA (very 
long-chain fatty acids) concentrations and isotope signatures at the point, transect and field 
scales. Weighted t-tests were used to differentiate sediment sources spatially and temporally. The 
use of bulk carbon as a proxy for VLCFA concentrations in source apportioning was also 
explored. 
The work presented here demonstrates the ability of CSSIs to differentiate sediment sources 
based on land use. The development of analytical methods and the resulting analysis of soil and 
sediment extracts have indicated that VLCFAs may be isolated and quantified to generate 
reliable isotope data. The methods will lead to the standardization of CSSIs protocols. 
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1 Introduction 
“The power of population is so superior to the power in the earth to produce 
subsistence for man, that premature death must in some shape or other visit the 
human race.” 
    –Thomas Malthus (1798, p. 44) 
Since the publication of the ominous message in the essay by Malthus, the world’s population 
has exploded, yet the doom and gloom he predicted has not (yet) come to pass. Part of the 
evolution of humans and society has been the advancement of agronomy through the 
transitioning from agricultural expansion to meet food security demands to agricultural 
intensification (Thrall et al., 2010), as illustrated in Figure 1.1. Despite an explosion in 
population growth over the past 150 years, food production has increased at an even greater rate 
due to such technologies as mechanization, the use of high-yield crops, irrigation and the 
application of fertilizers and pesticides (Matson et al., 1997). Although intensification has a 
positive effect on provisioning ecosystem services in terms of food production, a negative impact 
on regulating (e.g. pollination, 
pest control) and cultural (e.g. 
tourism and recreation) services 
may occur (Gordon et al., 2010), 
some of which may lead to 
negative feedbacks on sustained 
crop productivity (Bommarco et 
al., 2013). Additionally, another 
Figure 1.1. The transition from agricultural expansion to 
intensification, and to projected demand management 
requirements to meet global food security demands. 
Image reproduced from Smith et al. (2015). Population 
data are approximately reproduced from United Nations 
estimates (United Nations, 1999).  
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important provisioning service may also be negatively impacted by agricultural intensification: 
water. 
According to the Millennium Ecosystem Assessment (MA), the amount of reactive nitrogen 
entering the oceans has increased by nearly 80% from 1860 to 1990; the amount of phosphorus 
entering the oceans is currently triple the amount of background rates (MA, 2005). Both of these 
chemicals are primary components in fertilizer applications. In the United States, agricultural 
fields have been identified as the greatest source of diffuse source pollution (DSP) (Pimentel et 
al., 2004). Sediment–the solid material that is generated through erosive processes–acts as an 
important transportation and storage mechanism for particle-bound phosphorus, which can 
release phosphorus into overlying waters once saturation is achieved (Kleinman et al., 2011). As 
the available phosphorus increases, bodies of water may be subjected to eutrophication, where 
species such as algae thrive with the increased nutrient content, resulting in the depletion of 
oxygen and subsequent loss of aquatic life upon decay. Globally, several major lakes suffer from 
excessive phosphorus loading, including: Lake Winnipeg (Canada) (Wassenaar, 2012), Lake 
Erie (United States and Canada) (Michalak et al., 2013), Lake Taihu (China) (Qin et al., 2010) 
and Lake Nieuwe Meer (Netherlands) (Jöhnk et al., 2008). 
Determining the source of sediments improves the ability to manage sediment fluxes in 
aquatic systems; where such determinations have been made, an increase in sediment flux was 
determined to be due to agriculture, construction, deforestation, or mining activities (Owens et 
al., 2005). The identification of sediment sources in a catchment is therefore necessary in order 
to evaluate the impact on the catchment by the surrounding land use and to be able to manage 
land use practices (Carter et al., 2003; Gibbs, 2008). A catchment may include a variety of land 
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uses such as native forest, agriculture, urban, pasture, etc. and thus suitable tracing techniques 
need to be employed in order to determine the sources and sinks of the sediments. 
Identification of sources of erosion and/or pollution may lead to the implementation of 
beneficial management practices (BMPs), which generally aim to reduce water quality impacts; 
in particular, phosphorus and sediment are usually of greatest concern (Walling et al., 2008). 
Beneficial management practices may include: the use of riparian buffers i.e. planting of grasses, 
trees or non-removal thereof; changes in tillage practices and the use of crop cover to retain soils 
and prevent erosion (Minella et al., 2008). Being able to trace the movement of sediment and the 
associated components that impact water quality will help to determine the effectiveness of 
current BMPs as well as encourage any necessary changes and/or establish new BMPs (Minella 
et al., 2008). 
1.1 Sediment fingerprinting and tracing 
A sediment or source fingerprint may be thought of in the same manner as a human 
fingerprint: A distinct characteristic of an individual or source that allows for the differentiation 
between similar individuals, or sources that are biologically, physically, or chemically related. 
The term composite fingerprint refers to using a variety of properties to distinguish sources in 
that any one property on its own may not necessarily be unique between multiple sources, but in 
combination with other properties, produces a unique fingerprint. Properties that have been used 
in a sediment fingerprinting approach include geochemical properties (Blake et al., 2012; Collins 
et al., 2010), fallout radionuclides (FRNs) (Brandt et al., 2018; Mabit et al., 2008) and 
biomarkers (Alewell et al., 2016; Blake et al., 2012; Brandt et al., 2018; Gibbs, 2008; Hancock 
and Revill, 2013). Additional properties that have been investigated include colour (Krein et al., 
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2003; Martínez-Carreras et al., 2010), and mineral magnetism (Walden et al., 1997; Walling et 
al., 1979). 
The theory behind soil and sediment tracing may be easily explained: obtain a mixture of 
sediment that is located downstream from several potential sediment sources and determine how 
much each of the sources contributed to the downstream mixture. The difficulty lies in 
determining suitable information to include for the sources, what precisely the information 
represents, and the connection (conservation of tracer properties) between the sources and sink 
samples (Koiter et al., 2013). The information of interest is thus that which is contained within 
both the source and sediment fingerprints. 
Biomarkers are associated with living organisms and provide information about the state of 
that organism, or an associated biological process. In the context of sediment tracing, the 
organisms of interest are plants, which produce compounds that are transferred to the soil 
throughout the growing season, and by residues deposited during senescence (e.g. foliage, roots). 
The biomarkers are further integrated into the soil profile of agricultural fields through tillage. 
Differences in the biomarkers allow for distinguishing endemic populations. Endemic 
populations exist in watersheds where a division occurs between land uses, such as a variety of 
crops, pasture and uncultivated land (e.g. forests). Many types of vegetation share similar 
biochemical pathways in the production of potential biomarkers, resulting in chemical 
compounds that are structurally identical (Reiffarth et al., 2016). Differentiation of those 
compounds is possible, however, by examining the stable isotopes of carbon (13C and 12C) and 
hydrogen (1H, D), the two most abundant elements found in organic molecules. The research 
presented here focussed on the isotopes of carbon. 
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1.1.1 Selecting biomarkers 
At the outset of this research project, the primary objective was to isolate a set of biomarkers 
based on a publication by Gibbs (2008) in which a number of fatty acids (FAs) were used to 
differentiate several potential sources: pasture, native forest (Kauri, a broadleaf coniferous tree 
found in New Zealand), pine forest and estuarine sediment. The range of FAs investigated 
included saturated straight-chain, even-numbered FAs C10:0-C24:0 and unsaturated C18:1 and 
C18:2, and one odd-chain FA C15:0. Abietic acid was also included in the panel of FAs, as it 
could be interpreted as a marker of the pine forest source. Chapter 2 is a review (Reiffarth et al., 
2016) on biomarkers, with a specific focus on FAs. Prior to publishing the review, a decision 
was made to focus on the saturated very long-chain FAs (VLCFAs) C20:0-C30:0 and C32:0, as 
these chain lengths of FAs tend to be unique to plant sources (Wiesenberg and Schwark, 2006), 
have exhibited a high degree of recalcitrance relative to other plant organics and are least likely 
to undergo chemical transformations that are difficult to establish (Reiffarth et al., 2016). The 
review discusses in-depth the justification for using VLCFAs. Blake et al. (2012) acknowledged 
that limitations in using the common FAs, such as C16:0 and C18:0 may exist. However, 
researchers continue to include the shorter group of VLCFAs in their analyses (e.g. Brandt et al., 
2016; Mabit et al., 2018), although Alewell et al. (2016) focussed only on using C26:0 and C28:0  
and Upadhayay et al. (2017) focussed on the even-chain VLCFAs C22:0-C32:0 when discussing 
mixing model outcomes. 
1.1.2 Unmixing and source apportioning 
Once the biomarkers have been selected, the mixture may be deconvoluted using numerical 
means (Walling, 2013), a non-Bayesian unmixing model such as IsoSource, or a Bayesian model 
such as MixSIAR (Upadhayay et al., 2017). Unmixing models produce a probability distribution 
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that indicate the likelihood a particular source contributed to the mixture, but do not provide 
information in terms of the mass of the source that contributed. The probability distribution 
values thus need to be transformed into quantitative values that represent mass of transported 
sediment. Studies performed by Gibbs (2008), Blake et al. (2012) and Hancock et al. (2013), for 
example, used %C values to estimate the amount of sediment being transported using a source 
apportioning equation. In Alewell et al. (2016) and Reiffarth et al. (2016), the authors suggested 
that VLCFA concentrations should be used where possible in lieu of %C values. 
1.2 Sampling 
Two sampling sites were selected for performing the CSSI studies: the Horsefly River 
Watershed (HRW) near the town of Horsefly, BC, Canada, and the South Tobacco Creek 
Watershed (STCW) near the town of Miami, MB, southwest of Winnipeg, Canada (Figure 1.2). 
The HRW was selected for representing a mostly pristine watershed largely unaffected by 
intense agricultural activity with the exception of pasture land, whereas the STCW was heavily 
used for growing cash crops, with several forms of tillage being employed. The primary site that 
was investigated for spatial and temporal variability of CSSIs was the STCW, with limited 
results for the HRW presented in chapter 4 that focussed mainly on method development. 
1.2.1 Horsefly River Watershed (HRW) 
The HRW is situated in central BC (Cariboo Region) and has an area of approximately 3800 
km2 (Lord, 1971) with an 
approximate length of 98 km 
(“British Columbia, BC Parks, 
Horsefly River,” n.d.). The Horsefly 
River may be divided into the Figure 1.2. Horsefly River Watershed (HRW) in British Columbia 
(left) and South Tobacco Creek Watershed (STCW) in 
Manitoba (right). 
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Lower Horsefly River (LHR) and Upper Horsefly River (UHR), as a natural 10 m high waterfall 
divides the river approximately 55 km downstream of the river’s source (Figure 1.3). The LHR 
provides an important environment for salmon spawning, whereas the UHR cannot be accessed 
by salmon. The Horsefly River is generally encompassed by mountains on either side, with some 
grassland plains used for cattle and horse ranching surrounding the LHR. The mountainous 
regions around the LHR consisted of sub-boreal spruce interspersed with poplar, whereas the 
UHR was mostly cedar and hemlock (Government of British Columbia, 2016). The predominant 
agricultural activity was haying, with some cattle and horse ranching.  
The primary sampling site was a pasture cropped with canary reed grass located 
approximately 30 km upstream of the town of Horsefly, with sampling occurring between 2011 
and 2013, and referred to as the Stuart site. The Stuart site was subject to flooding during the 
spring freshet. Generally, the sampling locations were randomly selected within the Stuart site, 
and included an area where significant amounts of flood plain deposits accumulated, pasture that 
was subjected to flooding, and a channel bank. A forested site was also selected approximately 
33 km upstream of the Stuart site beyond Horsefly Falls near an old dilapidated bridge. The 
Stuart site was occasionally used for grazing livestock and agricultural haying. 
 
Figure 1.3. Horsefly River, British Columbia. The primary site sampled was the Stuart field. Other sites included 
Horsefly Park near the Town of Horsefly, and Horsefly bridge. 
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The objectives within this region were to examine the spatial and temporal differences in 
δ13CFA values in a pristine watershed. Additionally, sediment samples were taken at intervals 
downstream of the Stuart site by navigating the river via jet boat at intervals of 0, 0.5, 2, 4, 8 and 
10 km. Additional sediment samples were taken in Horsefly Park and at the upstream forested 
site by wading into the river and using a resuspension method. Sampling methods for the HRW 
are discussed in chapter 4.  
The HRW samples were only partially characterized; most samples (~50) were analyzed only 
for δ13CFA values, with a few analyzed for VLCFA concentrations. Most were, however, 
analyzed in duplicate or multiple times in the development of VLCFA extraction methodologies. 
No samples were analyzed for bulk carbon isotope or %C values. The HRW samples were used 
in the early stages of method development and refinement due to the larger volumes of soil 
collected per sample (2.3 L) versus the limited volume of soil available for each STCW sample 
(400 mL). Once a suitable method had been established, focus was placed on the processing of 
the STCW samples due to the large number of samples involved. Most of the purified HRW 
samples were inadvertently divided for analysis, which did not allow for accurate VLCFA 
concentration determination. Due to an incomplete data set, the Horsefly results have not yet 
been published, but chapter 4 includes some results, with additional results in the accompanying 
supplemental material. 
1.2.2 South Tobacco Creek Watershed (STCW) 
Lake Winnipeg has been suffering from eutrophication issues for many years, with algae 
blooms occurring annually due to nutrient runoff from agricultural activities; phosphorus levels 
in particular are of major concern (Matisoff et al., 2017). Southwest of Winnipeg, situated near 
the small town of Miami, MB, lies the South Tobacco Creek Watershed (STCW), which is 71% 
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agricultural and has a drainage area of approximately 74.6 km2 (Liu et al., 2015). The South 
Tobacco Creek (STC) traverses the STCW and flows into the Morris River, with the Morris 
River eventually flowing into the Red River and then into Lake Winnipeg (Stuart, 2017). The 
Red River accounts for approximately 49% of annual phosphorus loading into the lake (Matisoff 
et al., 2017), and is thus a major source of nutrients responsible for eutrophication. 
Sampling was performed in both 2012 and 2013, which coincided with two extreme weather 
events for the STC: In 2012, southern Manitoba experienced an exceptionally dry year, where 
flow in the lower reaches of the STC just west of Miami had actually ceased in August 2012; in 
contrast, the STC in 2013 experienced extremely high flows, where overbank deposits were 
evident in June of 2013 at one site (referred to as IS3), an event which was also considered 
abnormal. Both events may have led to atypical samples collected during these periods.  
Chapter 5 includes all of the map data for the STCW, showing the sampling periods and 
locations, with sampling specifics. The three locations selected for sampling were the Steppler 
sub-watershed and two downstream sites referred to as IS1 and IS3. Sampling of all three sites 
generally occurred concurrently, although due to the number of samples involved, sampling was 
performed over a 2-3 day period, with a total of six sampling periods. Sampling locations were 
determined along transects on either side of the STC. The IS1 site included two field samples 
and four riparian samples and a sediment sample. The IS3 site was located upstream of the IS1 
site, with transects containing two sampling points each established on either side of the STC. 
Sediment samples were also collected. In June 2013, only one of the transects for IS3 was 
sampled due to previous overbank flows restricting access to the location of the other transect. 
The Steppler fields were considered the primary research locations for field data; IS1 and IS3, 
however, provided insight into differences in δ13CFA and δ13Cbulk values on a larger spatial scale 
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than in the Steppler sub-watershed. Sediment data were also acquired for the IS1 and IS3 sites, 
with the intention of using the data as the mixture in an unmixing model study.  
A total of 170 field points and 129 riparian points were sampled over the two year period in 
the STCW and analyzed for δ13CFA (VLCFA C20:0-C30:0, C32:0) values and VLCFA 
quantification (µg FAs/g soil), as well as %C and δ13Cbulk. In the majority of cases, samples were 
only processed and analyzed once due to the relatively complex sample extraction, purification, 
derivatization, quantitative and isotope analysis procedures. Composite samples, potentially 
created by physically combining dried quantities of soil, were not created for any of the regions 
sampled in the STCW. Individual transect points were analyzed, and composite sample values 
produced by combining individual δ13CFA values for each field or region and weighting the 
contributing isotope value of each point to the overall field average using VLCFA 
concentrations. The errors associated with the weighting provided an understanding of variability 
on the transect and field scales. Creating a composite sample in this manner, however, may have 
artificially increased or reduced the error had a single sample been physically mixed from all 
points within a field and analyzed multiple times.  
The Steppler sub-watershed had a drainage area of 205 ha (Li et al., 2011) and provided a 
unique opportunity to study spatial and temporal variability in VLCFA concentrations and 
δ13CFA values, as well as %C and δ13Cbulk. The Steppler fields were delineated based on 
topographical features, in particular hilltops and riparian zones. The segregation of fields in this 
manner served as a means of partitioning field hydrology, in a natural agricultural setting, 
thereby minimizing the possibility of mixing of organic carbon (OC) during flow events for 
within field samples. Tillage practices, however, likely resulted in a certain degree of mixing for 
fields that were adjacent to one another.  
- 11 - 
 
A variety of sampling strategies could potentially have been used to collect samples in the 
STCW. Gibbs (2008) defined an area of 10-20 m2 within a suspected source’s region and 
collected multiple samples, combining them thereafter, with multiple sample locations, to form a 
composite sample to represent that source. Blake (2012) used a randomly placed 30 m transect 
with spatially integrated sampling at 1 m intervals to capture field variability. Other possibilities 
included using a grid pattern (Conant and Paustian, 2002) or simple randomized sampling. A 
transect approach using known field hydrology information was used due to the increased 
likelihood the transects lay along pathways in the field that would be traversed by mobilized 
sediment. All of the transects that were established in the Steppler sub-watershed included three 
field points. Transects were extended into the riparian zones, where applicable, with an 
additional two or three sampling points. Full details of sampling points and maps may be found 
in chapter 5. 
1.3 Dissertation objectives 
The initial and primary research objective was to conduct a sediment tracing study using 
CSSIs of biomarkers of plant-origin. The focus shifted more heavily onto method development 
than expected, due to challenges faced in adequately isolating and quantifying VLCFAs. 
Furthermore, with sample processing occurring entirely at UNBC, a significant portion of the 
research focussed on the analysis of VLCFAs by gas chromatography-combustion-isotope mass 
ratio spectrometry (GCC-IRMS) for δ13CFA data, elemental analysis-IRMS (EA-IRMS) for %C 
and δ13Cbulk data, and quantification of VLCFAs by GC-flame ionization detection (GC-FID). 
The expertise to run the IRMS and its peripherals had to be developed at UNBC. The following 
objectives were determined: 
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(i) To undertake a literature review in order to determine the current knowledge of CSSIs, 
biomarkers and soil processes, and evaluate possible approaches to CSSI sediment 
tracing. 
(ii) To assess methodology and protocols for the analysis of CSSIs for quantitative 
purposes by GC-FID and for carbon isotope analysis by GCC-IRMS, as well as bulk 
soil handling and analysis by EA-IRMS, in the acquisition of δ13CFA, δ13Cbulk, %C and 
VLCFA data.  
(iii) To assess the variability associated with sampling and using CSSIs as a tracer by 
performing soil and sediment sampling at spatial and temporal intervals. 
(iv) To develop CSSI protocols that improve upon the current state of knowledge by 
incorporating objectives (i)-(iii).  
The following section discusses the thesis chapters in relation to the above-stated objectives.  
1.3.1 Chapter 2–Review 
A thorough literature review was published in 2016 in Science of the Total Environment 
(Reiffarth et al., 2016) that discussed in detail the approach and rationale of CSSI sediment 
tracing, the selection of biomarkers, sources of carbon isotopic variability, and some details on 
sample handling. The review revealed several key pieces of information about the CSSI 
methodology, which affected the development of sample processing techniques. The information 
contained in the review suggests VLCFAs are suitable biomarkers as they are highly recalcitrant 
in the soil relative to most other plant-derived biomarkers, are able to produce unique carbon 
isotopic signatures dependent on plant type, and bind with soil particles subjecting them to 
mobilization as sediment. The recalcitrance of VLCFAs and their potential role in soil particle 
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aggregate formation led to methodological modifications that involved disaggregation methods 
and have prompted further investigation. 
1.3.2 Chapter 3–Bulk carbon (%C) and isotope (13Cbulk) analysis 
Based on the literature review, the determination of δ13Cbulk and %C values by EA-IRMS 
should have been routine, with the resulting data included with δ13CFA data to present a complete 
set of analysis of the soil and sediment samples. Analysis of the STCW samples indicated that 
approximately 15% of the samples contained significant amounts of carbonates, which had a 
detrimental effect on the 13Cbulk values, and to a smaller extent on %C values in most cases. A 
standard protocol using HCl acid fumigation employed by many labs was published by Harris et 
al. (2001) and was the method selected for the analysis of STCW samples. Brodie et al. (2011) 
indicated that sample-specific variability in both 13Cbulk and %C values occurs due to the method.  
With the extensive number of samples investigated from the STCW, a bias between samples 
analyzed in standard Sn (tin) capsules and those analyzed using a combination of Sn-Ag (tin-
silver) during acid fumigation was found. Where acid fumigation was required the standard 
procedure was to use Ag capsules. The use of a Sn-Ag capsule combination was attempted prior 
to discovering the suggestion put forth by Brodie et al. (2011) that thermal transfer issues may 
have adverse effects during combustion. The analytical results supported the suggestion; 
additionally, issues calibrating EA standards using Ag-only capsules (severe peak tailing) were 
problematic in accurately determining 13Cbulk and %C values.  
As %C values have been frequently employed for source apportioning in the CSSI literature 
(e.g. Blake et al., 2012; Gibbs, 2008; Hancock and Revill, 2013; Mabit et al., 2018), a section of 
chapter 3 aimed to address observed variability (error) in acid fumigation/%C analysis and the 
potential impact on outcomes.  
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1.3.3 Chapter 4–VLCFA isolation and analysis methods 
Compound-specific stable isotopes had been previously used in fingerprinting studies (e.g. see 
the review published by Lichtfouse (2000)), but Gibbs (2008) was the first to attempt 
quantification of soil erosion using CSSIs. For that work, the extraction of tracers was performed 
partly by third party labs, and partly in-house. Using similar extraction methods led to poorly 
isolated VLCFAs for the soils that were analyzed from the HRW as a trial. Hence, ways to 
achieve better isolation and purification were sought. An additional issue was the recovery of 
VLCFAs for quantification purposes. 
During initial method development at UNBC, analysis of crude extracts by GC-FID indicated 
samples required further purification in order to achieve good separation of VLCFA signals. 
Good separation was important for quantification of VLCFAs, and even more so for GCC-IRMS 
analysis. Proven methods of dividing crude organic extracts into acidic, basic and neutral 
compound classes (El Rassi et al., 1976; Wiesenberg et al., 2004b; Willsch et al., 1997) were 
examined, modified as necessary, and tested to maximize consistent VLCFA recovery while 
achieving good isolation. Most chromatograms acquired during GCC-IRMS analysis of samples 
indicated good separation between signals for the various VLCFA chain lengths, suggesting 
reliable isotope data acquisition. The effectiveness of extraction, purification and derivatization 
of VLCFAs to FAMEs was demonstrated in chapter 4. 
The literature review conducted for chapter 2 included an assessment of the disaggregation of 
soil samples by means of sonication. Research has indicated that disaggregation leads to release 
of recalcitrant carbon (e.g. Mentler et al., 2004; Schomakers et al., 2011), and that particle size 
fractions result in different ages of organic content (Bol et al., 2009; Flessa et al., 2008). Often 
the smaller particle size fractions <63 µm (Blake et al., 2012; Hancock and Revill, 2013; Mabit 
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et al., 2018) have been focussed on for VLCFA extractions, yet little is known about the 
disaggregation processes that naturally occur due to rainfall (Cerdà, 2000), snowmelt (Li et al., 
2007; Tiessen et al., 2010) or freeze-thaw cycles (Oztas and Fayetorbay, 2003). Bol et al. (2009) 
indicated that larger fraction sizes contain more contemporary carbon inputs. Consequently, 
disaggregation was considered as one of the sample processing steps, which required further 
modification of some of the methods that had already been established. 
Chapter 4 discusses the effectiveness and need to explore further disaggregation of soil 
particles, and the potential effect on CSSI sediment tracing. Included are discussions on 
extraction, purification and recovery of VLCFAs. Additionally, derivatization from FAs to 
FAMEs and the effect of δ13CFA values is covered. After sample preparation for analysis, details 
are provided regarding the methods for VLCFA quantification by GC-FID and δ13CFA value 
determination by GCC-IRMS.  
1.3.4 Chapter 5–Spatial and temporal variability in VLCFA biomarkers used in CSSI sediment 
tracing 
Understanding the spatial and temporal variability for any tracer is important in order to 
determine the amount of sample that needs to be collected and the frequency with which 
collection needs to occur. The results of analyzing the soil samples collected in the STCW for 
δ13CFA and δ13Cbulk values, VLCFA concentrations and %C are presented. Through the use of 
weighted t-tests, spatial and temporal differentiation of fields and riparian areas is examined. 
Additionally, the degree of variability within the sampled source fields and riparian areas is 
presented in the form of weighted errors.   
The question of using %C values as a proxy for VLCFA concentrations in soil apportioning is 
addressed, as this was the method used by several authors (e.g. Blake et al., 2012; Gibbs, 2008; 
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Hancock and Revill, 2013; Mabit et al., 2018). Alewell et al. (2016) and Reiffarth et al. (2016) 
had suggested using VLCFA concentrations. Using the STCW samples, the relationship 
between %C values and VLCFA concentrations for the Steppler fields and riparian zones 
sampled was evaluated for several VLCFA chain lengths. Several recommendations with respect 
to sampling for future CSSI sediment tracing studies are put forth. 
1.3.5 Chapter 6–Conclusion and recommendations 
Chapter 6 is an amalgamation of 
the assessments, developments, and 
results that were determined for 
objectives 1-4 (Figure 1.4). The 
chapter highlights the important 
conclusions, provides 
recommendations as to procedure for 
future CSSI studies, and identifies 
areas of the CSSI technique that 
would benefit from further study. 
1.4 References 
Alewell, C., Birkholz, A., Meusburger, K., Schindler Wildhaber, Y., Mabit, L., 2016. 
Quantitative sediment source attribution with compound-specific isotope analysis in a C3 
plant-dominated catchment (central Switzerland). Biogeosciences 13, 1587–1596. 
https://doi.org/10.5194/bg-13-1587-2016 
Blake, W.H., Ficken, K.J., Taylor, P., Russell, M.A., Walling, D.E., 2012. Tracing crop-specific 
sediment sources in agricultural catchments. Geomorphology 139–140, 322–329. 
https://doi.org/10.1016/j.geomorph.2011.10.036 
Bol, R., Poirier, N., Balesdent, J., Gleixner, G., 2009. Molecular turnover time of soil organic 
matter in particle-size fractions of an arable soil. Rapid Commun. Mass Spectrom. 23, 
2551–2558. https://doi.org/10.1002/rcm.4124 
 
Figure 1.4. Summary of objectives 1-3 leading to objective 4, the 
development of improved CSSI protocols.  
- 17 - 
 
Bommarco, R., Kleijn, D., Potts, S.G., 2013. Ecological intensification: harnessing ecosystem 
services for food security. Trends Ecol. Evol. 28, 230–238. 
https://doi.org/10.1016/j.tree.2012.10.012 
Brandt, C., Benmansour, M., Walz, L., Nguyen, L.T., Cadisch, G., Rasche, F., 2018. Integrating 
compound-specific δ13C isotopes and fallout radionuclides to retrace land use type-
specific net erosion rates in a small tropical catchment exposed to intense land use 
change. Geoderma 310, 53–64. https://doi.org/10.1016/j.geoderma.2017.09.008 
Brandt, C., Cadisch, G., Nguyen, L.T., Vien, T.D., Rasche, F., 2016. Compound-specific δ13C 
isotopes and Bayesian inference for erosion estimates under different land use in 
Vietnam. Geoderma Reg. 7, 311–322. https://doi.org/10.1016/j.geodrs.2016.06.001 
British Columbia, BC Parks, Horsefly River, n.d. 
Brodie, C.R., Leng, M.J., Casford, J.S.L., Kendrick, C.P., Lloyd, J.M., Yongqiang, Z., Bird, 
M.I., 2011. Evidence for bias in C and N concentrations and δ13C composition of 
terrestrial and aquatic organic materials due to pre-analysis acid preparation methods. 
Chem. Geol. 282, 67–83. https://doi.org/10.1016/j.chemgeo.2011.01.007 
Carter, J., Owens, P.N., Walling, D.E., Leeks, G.J.L., 2003. Fingerprinting suspended sediment 
sources in a large urban river system. Sci. Total Environ. 314–316, 513–534. 
https://doi.org/10.1016/S0048-9697(03)00071-8 
Cerdà, A., 2000. Aggregate stability against water forces under different climates on agriculture 
land and scrubland in southern Bolivia. Soil Tillage Res. 57, 159–166. 
https://doi.org/10.1016/S0167-1987(00)00155-0 
Collins, A.L., Walling, D.E., Webb, L., King, P., 2010. Apportioning catchment scale sediment 
sources using a modified composite fingerprinting technique incorporating property 
weightings and prior information. Geoderma 155, 249–261. 
https://doi.org/10.1016/j.geoderma.2009.12.008 
Conant, R.T., Paustian, K., 2002. Spatial variability of soil organic carbon in grasslands: 
implications for detecting change at different scales. Environ. Pollut. 116, Supplement 1, 
S127–S135. https://doi.org/10.1016/S0269-7491(01)00265-2 
El Rassi, Z., Gonnet, C., Rocca, J.L., 1976. Chromatographic studies of the influence of water 
and thermal treatment on the activity of silica gel. J. Chromatogr. A 125, 179–201. 
https://doi.org/10.1016/S0021-9673(00)93819-6 
Flessa, H., Amelung, W., Helfrich, M., Wiesenberg, G.L.B., Gleixner, G., Brodowski, S., 
Rethemeyer, J., Kramer, C., Grootes, P.M., 2008. Storage and stability of organic matter 
and fossil carbon in a Luvisol and Phaeozem with continuous maize cropping: A 
synthesis. J. Plant Nutr. Soil Sci. 171, 36–51. https://doi.org/10.1002/jpln.200700050 
Gibbs, M., 2008. Identifying source soils in contemporary estuarine sediments: A new 
compound-specific isotope method. Estuaries Coasts 31, 344–359. 
- 18 - 
 
Gordon, L.J., Finlayson, C.M., Falkenmark, M., 2010. Managing water in agriculture for food 
production and other ecosystem services. Compr. Assess. Water Manag. Agric. 97, 512–
519. https://doi.org/10.1016/j.agwat.2009.03.017 
Government of British Columbia, 2016. Biogeoclimatic ecosystem classification subzone/variant 
map: central Cariboo Forest District, Horsefly Subunit. 
Hancock, G.J., Revill, A.T., 2013. Erosion source discrimination in a rural Australian catchment 
using compound-specific isotope analysis (CSIA). Hydrol. Process. 27, 923–932. 
https://doi.org/10.1002/hyp.9466 
Harris, D., Horwáth, W.R., van Kessel, C., 2001. Acid fumigation of soils to remove carbonates 
prior to total organic carbon or 13C isotopic analysis. Soil Sci. Soc. Am. J. 65, 1853. 
https://doi.org/10.2136/sssaj2001.1853 
Jöhnk, K.D., Huisman, J., Sharples, J., Sommeijer, B., Visser, P.M., Stroom, J.M., 2008. 
Summer heatwaves promote blooms of harmful cyanobacteria. Glob. Change Biol. 14, 
495–512. https://doi.org/10.1111/j.1365-2486.2007.01510.x 
Kleinman, P., Sharpley, A., Buda, A., McDowell, R., Allen, A., 2011. Soil controls of 
phosphorus in runoff: management barriers and opportunities. Can. J. Soil Sci. 91, 329–
338. 
Koiter, A.J., Owens, P.N., Petticrew, E.L., Lobb, D.A., 2013. The behavioural characteristics of 
sediment properties and their implications for sediment fingerprinting as an approach for 
identifying sediment sources in river basins. Earth-Sci. Rev. 125, 24–42. 
https://doi.org/10.1016/j.earscirev.2013.05.009 
Krein, A., Petticrew, E., Udelhoven, T., 2003. The use of fine sediment fractal dimensions and 
colour to determine sediment sources in a small watershed. Catena 53, 165–179. 
https://doi.org/10.1016/S0341-8162(03)00021-3 
Li, S., Elliott, J.A., Tiessen, K.H.D., Yarotski, J., Lobb, D.A., Flaten, D.N., 2011. The Effects of 
Multiple Beneficial Management Practices on Hydrology and Nutrient Losses in a Small 
Watershed in the Canadian Prairies. J. Environ. Qual. 40, 1627–1642. 
https://doi.org/10.2134/jeq2011.0054 
Li, S., Lobb, D.A., Lindstrom, M.J., 2007. Tillage translocation and tillage erosion in cereal-
based production in Manitoba, Canada. Soil Tillage Res. 94, 164–182. 
https://doi.org/10.1016/j.still.2006.07.019 
Lichtfouse, E., 2000. Compound-specific isotope analysis. Application to archaelogy, biomedical 
sciences, biosynthesis, environment, extraterrestrial chemistry, food science, forensic 
science, humic substances, microbiology, organic geochemistry, soil science and sport. 
Rapid Commun. Mass Spectrom. 14, 1337–1344. https://doi.org/10.1002/1097-
0231(20000815)14:15<1337::AID-RCM9>3.0.CO;2-B 
- 19 - 
 
Liu, Y., Yang, W., Yu, Z., Lung, I., Gharabaghi, B., 2015. Estimating sediment yield from 
upland and channel erosion at a watershed scale using SWAT. Water Resour. Manag. 29, 
1399–1412. https://doi.org/10.1007/s11269-014-0729-5 
Lord, T.M., 1971. Canada land inventory soil capability for agriculture, Agriculture Canada, 
Government of Canada. 
MA, 2005. Millennium Ecosystem Assessment Synthesis Report. 
Mabit, L., Benmansour, M., Walling, D.E., 2008. Comparative advantages and limitations of the 
fallout radionuclides 137Cs, 210Pbex and 7Be for assessing soil erosion and sedimentation. 
J. Environ. Radioact. 99, 1799–1807. https://doi.org/10.1016/j.jenvrad.2008.08.009 
Mabit, L., Gibbs, M., Mbaye, M., Meusburger, K., Toloza, A., Resch, C., Klik, A., Swales, A., 
Alewell, C., 2018. Novel application of compound specific stable isotope (CSSI) 
techniques to investigate on-site sediment origins across arable fields. Geoderma 316, 
19–26. https://doi.org/10.1016/j.geoderma.2017.12.008 
Malthus, T., 1798. An Essay on the Principle of Population. 
Martínez-Carreras, N., Udelhoven, T., Krein, A., Gallart, F., Iffly, J.F., Ziebel, J., Hoffmann, L., 
Pfister, L., Walling, D.E., 2010. The use of sediment colour measured by diffuse 
reflectance spectrometry to determine sediment sources: Application to the Attert River 
catchment (Luxembourg). J. Hydrol. 382, 49–63. 
https://doi.org/10.1016/j.jhydrol.2009.12.017 
Matisoff, G., Watson, S.B., Guo, J., Duewiger, A., Steely, R., 2017. Sediment and nutrient 
distribution and resuspension in Lake Winnipeg. Sci. Total Environ. 575, 173–186. 
https://doi.org/10.1016/j.scitotenv.2016.09.227 
Matson, P.A., Parton, W.J., Power, A.G., Swift, M.J., 1997. Agricultural intensification and 
ecosystem properties. Science 277, 504. https://doi.org/10.1126/science.277.5325.504 
Mentler, A., Mayer, H., Strauβ, P., Blum, W.H.E., 2004. Characterisation of soil aggregate 
stability by ultrasonic dispersion. Int. Agrophysics 18, 39–45. 
Michalak, A.M., Anderson, E.J., Beletsky, D., Boland, S., Bosch, N.S., Bridgeman, T.B., 
Chaffin, J.D., Cho, K., Confesor, R., Daloglu, I., DePinto, J.V., Evans, M.A., Fahnenstiel, 
G.L., He, L., Ho, J.C., Jenkins, L., Johengen, T.H., Kuo, K.C., LaPorte, E., Liu, X., 
McWilliams, M.R., Moore, M.R., Posselt, D.J., Richards, R.P., Scavia, D., Steiner, A.L., 
Verhamme, E., Wright, D.M., Zagorski, M.A., 2013. Record-setting algal bloom in Lake 
Erie caused by agricultural and meteorological trends consistent with expected future 
conditions. Proc. Natl. Acad. Sci. U. S. A. 110, 6448–6452. 
https://doi.org/10.1073/pnas.1216006110 
Minella, J.P.G., Walling, D.E., Merten, G.H., 2008. Combining sediment source tracing 
techniques with traditional monitoring to assess the impact of improved land 
management on catchment sediment yields. J. Hydrol. 348, 546–563. 
https://doi.org/10.1016/j.jhydrol.2007.10.026 
- 20 - 
 
Owens, P.N., Batalla, R.J., Collins, A.J., Gomez, B., Hicks, D.M., Horowitz, A.J., Kondolf, 
G.M., Marden, M., Page, M.J., Peacock, D.H., Petticrew, E.L., Salomons, W., Trustrum, 
N.A., 2005. Fine-grained sediment in river systems: environmental significance and 
management issues. River Res. Appl. 21, 693–717. https://doi.org/10.1002/rra.878 
Oztas, T., Fayetorbay, F., 2003. Effect of freezing and thawing processes on soil aggregate 
stability. Catena 52, 1–8. https://doi.org/10.1016/S0341-8162(02)00177-7 
Pimentel, D., Berger, B., Filiberto, D., Newton, M., Wolfe, B., Karabinakis, E., Clark, S., Poon, 
E., Abbett, E., Nandagopal, S., 2004. Water resources: agricultural and environmental 
issues. BioScience 54, 909. https://doi.org/10.1641/0006-
3568(2004)054[0909:WRAAEI]2.0.CO;2 
Qin, B., Zhu, G., Gao, G., Zhang, Y., Li, W., Paerl, H.W., Carmichael, W.W., 2010. A drinking 
water crisis in Lake Taihu, China: linkage to climatic variability and lake management. 
Environ. Manage. 45, 105–112. https://doi.org/10.1007/s00267-009-9393-6 
Reiffarth, D.G., Petticrew, E.L., Owens, P.N., Lobb, D.A., 2016. Sources of variability in fatty 
acid (FA) biomarkers in the application of compound-specific stable isotopes (CSSIs) to 
soil and sediment fingerprinting and tracing: A review. Sci. Total Environ. 565, 8–27. 
https://doi.org/10.1016/j.scitotenv.2016.04.137 
Schomakers, J., Mentler, A., Steurer, T., Klik, A., Mayer, H., 2011. Characterization of soil 
aggregate stability using low intensity ultrasonic vibrations. Int. Agrophysics 25, 165–
172. 
Smith, P., 2015. Malthus is still wrong: we can feed a world of 9–10 billion, but only by 
reducing food demand. Proc. Nutr. Soc. 74, 187–190. 
https://doi.org/10.1017/S0029665114001517 
Stuart, V. (ed)., 2017. Watershed Evaluation of Beneficial Management Practices (WEBS): 
Managing our land and protecting our water through long-term watershed-scale research: 
Final Report (2004-2013). 
Thrall, P.H., Bever, J.D., Burdon, J.J., 2010. Evolutionary change in agriculture: the past, present 
and future. Evol. Appl. 3, 405–408. https://doi.org/10.1111/j.1752-4571.2010.00155.x 
Tiessen, K.H.D., Elliott, J.A., Yarotski, J., Lobb, D.A., Flaten, D.N., Glozier, N.E., 2010. 
Conventional and conservation tillage: influence on seasonal runoff, sediment, and 
nutrient losses in the Canadian prairies. J. Environ. Qual. 39, 964. 
https://doi.org/10.2134/jeq2009.0219 
United Nations, 1999. The world at six billion. Department of Economic and Social Affairs. 
Upadhayay, H.R., Bodé, S., Griepentrog, M., Huygens, D., Bajracharya, R.M., Blake, W.H., 
Dercon, G., Mabit, L., Gibbs, M., Semmens, B.X., Stock, B.C., Cornelis, W., Boeckx, P., 
2017. Methodological perspectives on the application of compound-specific stable 
isotope fingerprinting for sediment source apportionment. J. Soils Sediments 17, 1537–
1553. https://doi.org/10.1007/s11368-017-1706-4 
- 21 - 
 
Walden, J., Slattery, M.C., Burt, T.P., 1997. Use of mineral magnetic measurements to 
fingerprint suspended sediment sources: approaches and techniques for data analysis. J. 
Hydrol. 202, 353–372. https://doi.org/10.1016/S0022-1694(97)00078-4 
Walling, D.E., 2013. The evolution of sediment source fingerprinting investigations in fluvial 
systems. J. Soils Sediments 13, 1658–1675. https://doi.org/10.1007/s11368-013-0767-2 
Walling, D.E., Collins, A.L., Stroud, R.W., 2008. Tracing suspended sediment and particulate 
phosphorus sources in catchments. J. Hydrol. 350, 274–289. 
https://doi.org/10.1016/j.jhydrol.2007.10.047 
Walling, D.E., Peart, M.R., Oldfield, F., Thompson, R., 1979. Suspended sediment sources 
identified by magnetic measurements. Nature 281, 110–113. 
https://doi.org/10.1038/281110a0 
Wassenaar, L.I., 2012. Dissolved oxygen status of Lake Winnipeg: spatio-temporal and isotopic 
(δ18O–O2) patterns. J. Gt. Lakes Res. 38, Supplement 3, 123–134. 
https://doi.org/10.1016/j.jglr.2010.12.011 
Wiesenberg, G.L.B., Schwark, L., 2006. Carboxylic acid distribution patterns of temperate C3 
and C4 crops. Org. Geochem. 37, 1973–1982. 
https://doi.org/10.1016/j.orggeochem.2006.07.020 
Wiesenberg, G.L.B., Schwarzbauer, J., Schmidt, M.W.I., Schwark, L., 2004. Source and 
turnover of organic matter in agricultural soils derived from n-alkane/n-carboxylic acid 
compositions and C-isotope signatures. Org. Geochem. 35, 1371–1393. 
https://doi.org/10.1016/j.orggeochem.2004.03.009 
Willsch, H., Clegg, H., Horsfield, B., Radke, M., Wilkes, H., 1997. Liquid chromatographic 
separation of sediment, rock, and coal extracts and crude oil into compound classes. 
Anal. Chem. 69, 4203–4209. https://doi.org/10.1021/ac9703818  
- 22 - 
 
2 Sources of variability in fatty acid (FA) biomarkers in the application of compound-
specific stable isotopes (CSSIs) to soil and sediment fingerprinting and tracing: a review 
2.1 Abstract 
Determining soil redistribution and sediment budgets in watersheds is often challenging. One 
of the methods for making such determinations employs soil and sediment fingerprinting 
techniques, using sediment properties such as geochemistry, fallout radionuclides, and mineral 
magnetism. These methods greatly improve the estimation of erosion and deposition within a 
watershed, but are limited when determining land use-based soil and sediment movement. 
Recently, compound-specific stable isotopes (CSSIs), which employ fatty acids naturally 
occurring in the vegetative cover of soils, offer the possibility of refining fingerprinting 
techniques based on land use, complementing other methods that are currently in use. 
The CSSI method has been met with some success; however, challenges still remain with 
respect to scale and resolution due to a potentially large degree of biological, environmental and 
analytical uncertainty. By better understanding the source of tracers used in CSSI work and the 
inherent biochemical variability in those tracers, improvement in sample design and tracer 
selection is possible. Furthermore, an understanding of environmental and analytical factors 
affecting the CSSI signal will lead to refinement of the approach and the ability to generate more 
robust data. This review focuses on sources of biological, environmental and analytical 
variability in applying CSSI to soil and sediment fingerprinting, and presents recommendations 
based on past work and current research in this area for improving the CSSI technique. A 
recommendation, based on current information available in the literature, is to use very-long 
chain saturated fatty acids and to avoid the use of the ubiquitous saturated fatty acids, C16 and 
C18. 
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2.2 Soil and sediment fingerprinting: an overview 
2.2.1 Water security and ecosystem health 
Rivers are the primary source of renewable fresh water supply (Vörösmarty et al., 2010), and 
thus are fundamental for ensuring water security. The activities of landholders have been 
identified as one of the water management factors that contribute to the degradation of water 
quality (Sarker et al., 2008). In the United States, agricultural fields have been determined to be 
the greatest contributor to diffuse source pollution (DSP) (Pimentel et al., 2004), resulting in 
water quality loss due to soil erosion and run-off of nutrients, sediments and pesticides (Pimentel 
et al., 2004; Sarker et al., 2008); indeed, agricultural land use has been found to be the 
predominant stressor on catchments globally (Vörösmarty et al., 2010). A need therefore exists 
to address and manage the DSPs that lead to water quality degradation and threaten water 
security. 
Although some aquatic organisms may be tolerant and able to adapt to a range and highly 
variable amount of fine sediment (Henley et al., 2000), increased fine sediment1 loads entering a 
body of water may have undesirable chemical and physical effects on the aquatic environment. 
Physical effects include a decrease in light penetration, accumulation of sediment leading to 
decreased accessibility of waterways, and increased purification costs if the water body is being 
used as a drinking source (Owens et al., 2005; Bilotta and Brazier, 2008; Horowitz, 2008). An 
increase in sediment deposition is also an indication of terrestrial erosion and soil loss (Horowitz, 
2008). Human activities such as deforestation, agriculture, construction and mining have been 
shown to be major contributors to increased deposition and transport of fine sediment in aquatic 
environments (Henley et al., 2000; Owens et al., 2005; Kemp et al., 2011; Chalov, 2014). 
                                                 
1  Finer particle sizes are more apt for suspension and transport in aquatic systems; particle sizes of <63 μm are important for 
the transport and storage of contaminants and nutrients (Owens et al., 2005). 
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Pollutants found in riverine systems and lakes due to anthropogenic activity can originate 
from point sources such as direct discharge from factories or post-treatment discharge from 
sewage treatment plants, whereas DSPs may originate from roads and agricultural activities, 
elevating pollutant levels in bodies of water (Carter et al., 2003; Owens et al., 2005; Withers and 
Jarvie, 2008). The chemical source does not need to necessarily be located adjacent to the body 
of water. The adhesion of chemicals to sediments can lead to an influx into aquatic systems, or 
accumulations therein, of contaminants such as polyaromatic hydrocarbons (PAHs), dioxins, 
polychlorinated biphenyls, heavy metals and pesticides (Owens et al., 2001; Quinton and Catt, 
2007; Luo et al., 2008; Ravindra et al., 2008; Christiansen et al., 2009), as well as antibiotics 
from human and veterinary sources (Kim and Carlson, 2007). Chemicals such as PAHs, for 
example, are non-polar compounds that are known to adhere to other non-polar particles and are 
subsequently subjected to long-range transport. Therefore, PAHs which do not originate in close 
proximity to a river or lake may be transported by atmospheric means, be deposited through 
precipitation events, and due to adhesion to sediments, ultimately be deposited in bodies of water 
(Ravindra et al., 2008; Christiansen et al., 2009). 
Phosphorus may be transported into bodies of water in numerous ways. One of the transport 
mechanisms of phosphorus originating from fertilizer use is through the adhesion to sediments. 
Large quantities of phosphorus lead to the eutrophication of water bodies, the proliferation of 
plant growth–most notably algae–followed by oxygen depletion associated with decay and the 
subsequent loss of aquatic life, such as fish (Withers and Jarvie, 2008). Several recent examples 
exist where phosphorus has been implicated as the factor leading to major eutrophication issues. 
These include Lake Winnipeg (Canada) (Wassenaar, 2012), Lake Erie (United States and 
Canada) (Michalak et al., 2013), Lake Taihu (China) (Qin et al., 2010) and Lake Nieuwe Meer 
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(Netherlands) (Jöhnk et al., 2008). The water quality of these lakes, and others, may therefore by 
improved by addressing phosphorus transport issues, as phosphorus has been shown to be the 
limiting factor leading to eutrophication of fresh water bodies (Smith and Schindler, 2009; 
Kleinman et al., 2011). Soil and sediment are key transport and storage vectors for particle-
bound phosphorus, which can result in phosphorus release to overlying waters once saturation is 
achieved (Kleinman et al., 2011). 
2.2.2 Policy 
The identification of sediment sources in a catchment is necessary in order to evaluate the 
impact on the catchment by the surrounding land use and to be able to manage land use practices 
(Carter et al., 2003; Gibbs, 2008). A catchment may include a variety of land uses, such as native 
forest, agricultural, urban, and pasture. Thus, suitable tracing techniques need to be employed in 
order to determine the sources and sinks of the sediments.  
Identification of sources of erosion and/or pollution may lead to the implementation of 
beneficial or best management practices (BMPs), which generally aim to reduce water quality 
impacts (Gibbs, 2008; Minella et al., 2008); in particular, phosphorus and sediment are usually of 
greatest concern (Walling et al., 2008). Typical BMPs may include the use of riparian buffers 
(i.e. planting of trees or grasses), changes in tillage practices, and the use of crop cover to retain 
soils and prevent erosion are further examples (Minella et al., 2008; Kleinman et al., 2011). 
Being able to trace the movement of factors that impact water quality will help to determine the 
effectiveness of current BMPs as well as encourage any necessary changes and/or establish new 
BMPs (Minella et al., 2008). 
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2.2.3 Composite fingerprinting, tracing, and apportioning soil and sediments 
Tracing sediments from source to deposition zone may involve the combining of several 
different analytical techniques. Fingerprinting allows for the determination of the sediment 
source based on the constituent properties of a particular sediment sample when compared to 
potential sources (Collins et al., 2010).  Composite fingerprinting uses a variety of physical and 
chemical properties of the sediment, and not just one individual characteristic. Using a 
combination of properties allows for more effective apportionment of sediments in a catchment 
(Carter et al., 2003; Walling et al., 2008). The development of reliable fingerprinting and tracing 
tools enables better management of catchment sediment budgets without the need for continuous 
monitoring, which in turn reduces cost and allows specific areas of concern to be addressed 
directly (Collins et al., 2012). 
There has been a rapid growth in the number of studies concerned with identifying sediment 
sources (and associated pollutants) using fingerprinting techniques (Koiter et al., 2013; Walling, 
2013). Koiter et al. (2013) and Walling (2013) have discussed some of the current methods used 
in sediment fingerprinting, which include the investigation of geochemical properties, fallout 
radionuclides (FRNs) and biomarkers. Other less commonly used methods, but potentially useful 
for generating a composite fingerprint, include colour (Krein et al., 2003; Martínez-Carreras et 
al., 2010) and mineral magnetism (Walden et al., 1997; Walling et al., 1979). Recently, 
additional properties such as the isotopes of hydrogen, carbon preference index (CPI) and 
average chain length (ACL) of alkanes were used in a composite fingerprinting approach, 
illustrating the benefits of incorporating multiple factors in source apportioning (Alewell et al., 
2016). 
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The general method for implementing source tracing techniques is to determine a fingerprint 
that allows for tracing sediment collected during transport or at a deposition zone or end-member 
back to its originating source. The properties selected need to provide a unique signature 
between all samples. The ability to discriminate the differing sources contributing to the end-
member sample improves when properties common to all sources and the end-member are 
chosen that exhibit the highest degree of inter-source variability (Davis, 2009). Consequently, a 
number of properties may be analyzed but, through statistical methods such as discriminant 
analysis, a subset of the original data is selected for practical purposes (Collins et al., 2012; 
Nosrati et al., 2014). 
Once the subset of properties has been selected, common methods of analysis include 
principle component analysis-multivariate analysis of variance (PCA-MANOVA) (Boyd et al., 
2006), Markov Chain Monte Carlo (MCMC) (Davis, 2009), and unmixing models such as 
IsoSource (Gibbs, 2008) and, more recently MixSIAR—a Bayesian-based unmixing model with 
a graphical user interface (GUI) (Parnell et al., 2010; Nosrati et al., 2014). Development in this 
area is currently being undertaken in order to tailor MixSIAR to the application of soil and 
sediment fingerprinting (Parnell et al., 2010; Blake et al., 2012). One benefit of using a model 
such as MixSIAR over IsoSource is the ability to include variability within the data into the 
model. For the purposes of modelling, importance should be placed on accounting, tracking and 
propagating uncertainties at all levels of the analysis in order to generate more robust data. A 
review by Walling (2013) on the use of sediment fingerprinting approaches provides an 
overview on some of the statistical techniques used in these models and the direction and 
considerations that have been and need to be made when applying such models. 
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The general output of models such as MixSIAR is to produce a probability distribution i.e. 
provide a likelihood a particular source contributed to the end-member sample and indicate the 
percentage contribution that a particular source made to that end-member, with a minimum of n-
1 properties required to distinguish between n sources (Walling, 2013; Nosrati et al., 2014). Once 
a probability distribution has been generated, the results need to be translated into soil 
proportions i.e. the probability distribution provides a percentage contribution of a fingerprint 
from the individual sources to the end-member mixture, but does not translate directly into the 
sediment mass that is associated with that probability distribution. Apportioning of the sediment 
mass contributing to the distribution provided by the model(s) must be incorporated when using 
the data to establish sediment budgets. 
The earliest application of sediment tracing using compound-specific stable isotopes (CSSIs), 
as performed by Gibbs (2008), used mid-chain fatty acids (FAs) and a few other biomarkers. 
Later work by Hancock and Revill (2013) used a similar approach to Gibbs; Blake (2012) also 
used mid-chain FAs, but suggested very long-chain FAs (VLCFAs; >C22) were perhaps better 
suited. Alewell et al. (2016) proposed that VLCFAs be used rather than mid- and short-chain 
FAs and demonstrated apportioning sources using quantitative measurements of VLCFAs, rather 
than total organic carbon (TOC) that had been used in previous studies. Cooper et al. (2015) 
opted to use hydrocarbons as the preferred biomarker. The evolution of sediment fingerprinting 
using CSSIs as tracers is evident from Gibbs’ work onward.  
Current fingerprinting techniques, such as the use of FRNs, mineral magnetism and 
geochemistry do not adequately address the issue of land use-based tracing. The CSSI technique, 
in conjunction with the methods just mentioned, show promise in differentiating land use, 
particularly in agricultural catchments where differences due to terrestrial land cover potentially 
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exist. Many challenges, however, remain. Contained within this review is a discussion of several 
major categories that address the variability observed in the carbon isotopic signature of plant 
biomarkers found in soil and sediment. Understanding this variability is particularly important in 
temperate climates and agricultural settings where many organic sources may be present, but 
differences in isotopic signature may not be nearly as significant as in more exotic environments. 
Sections addressing variability include: biological and environmental (section 2.5); the soil 
environment (section 2.6); and analytical procedures (section 2.7). Preceding section 2.5, section 
2.3 briefly discusses the approach to using CSSIs as tracers, as well as a quick review of delta 
values used in reporting stable isotope signatures. Section 2.4 discusses common plant-derived 
organics, and the reason for selecting specific biomarkers, particularly FAs. 
Implementing the CSSI technique is currently quite labor-intensive and expensive, in part due 
to a lack of knowledge of expected outcomes. Successful implementation and more efficient 
development of the CSSI technique will be possible by being aware of the biochemical pathways 
that lead to biomarker production within plants and the resulting variability in carbon isotopic 
signatures. Being aware of these pathways also helps in selecting biomarkers as potential tracers. 
Additionally, understanding environmental factors that influence isotopic signature variability 
will provide a clearer picture of the spatial and temporal changes in isotopic signature that are 
expected when working with CSSI tracers. Several recommendations are provided based on 
research that has been previously performed on CSSI tracers. These recommendations are also 
based on the information provided herein on sources of variability (biological, environmental, 
analytical) and the soil environment. 
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2.3 CSSI tracing: the promise of a new technique 
The use of geochemistry, mineral magnetism, colour and FRNs in composite fingerprinting 
has been shown to be valuable in distinguishing surface soils from subsurface soils (Hatfield and 
Maher, 2009; Schuller et al., 2013) when apportioning sediment to potential sources. These 
techniques usually provide limited information as to the land use of the source sediments 
(Hancock and Revill, 2013; Walling, 2013). The geochemistry of soils, as well as the use of 
FRNs, is able to distinguish land that has been cultivated from pasture land and from forested 
land. One of the main areas of concern often involves catchments associated with DSP that are 
heavily used for agricultural purposes. In such cases where a large percentage of the land may be 
cultivated, the use of FRNs and geochemical properties alone may not be adequate to 
discriminate between different sources. Two cropped fields with differing vegetative cover may 
have similar geochemical and FRN traits, and are therefore indistinguishable by these techniques 
alone. To address the limitations of techniques such as geochemistry and FRNs, the use of CSSIs 
has been recently investigated as a potential complementary fingerprinting tool (Gibbs, 2008; 
Blake et al., 2012; Hancock and Revill, 2013; Cooper et al., 2015; Alewell et al., 2016). A 
summary of the work that has thus far been performed, presented in chronological order based on 
publication date, is presented in Table 2.1. 
2.3.1 Soil and sediment fingerprinting: the role of CSSIs 
Compound-specific stable isotope analysis has been selected as a method for tracing because 
the method targets specific organic tracers (biomarkers) that are uniquely of plant origin, and 
therefore the biomarkers reflect the vegetation associated with a particular land use. Soil contains 
a plethora of organic molecules, which range greatly in stability and structure, and thus the 
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isotopic signature of a bulk soil is not expected to be conservative. The need to target specific 
organic molecules arises. 
Tracing using stable isotopes is not a new approach. Stable isotopes have long been used for 
evaluating food webs, followed by some type of statistical analysis to source apportion. The 
technique is often applied in trophic systems in order to better understand nutrient cycling 
(Cifuentes et al., 1988; McConnachie and Petticrew, 2006). The bulk tissue of consumers is 
analyzed for the stable isotopes of nitrogen (15N, 14N) and carbon (13C, 12C), followed by source 
apportioning the consumer’s diet using an unmixing model (Parnell et al., 2013). 
Table 2.1. Summary of recent publications using 13C:12C isotope ratios in plant-derived biomarkers for soil 
and sediment tracing. 





2008 Gibbs Mahurangi 
River, New 
Zealand 
Size: 117 km2.  
Combination of urban, 
pasture, native forest 
(kauri) and pine forest 
sources. 
None. Examination of Mahurangi estuary sediment and 
potential sources indicated the highest proportion of 
sediment was due to recently harvested pine forest 
within the catchment. CSSI data alone were used to 
apportion the potential sediment sources using 
primarily fatty acids. 







Size: 1.45 km2. 
Combination of urban, 
permanent & ley 
pasture, maize stubble, 
winter wheat and 
woodland. 
Geochemistry. Geochemical fingerprints appeared to over-estimate 
contributions to sediment load during a high flow 
event. This was thought to be the case because 
geochemical fingerprints are unable to distinguish 
ley pasture from cultivated land. CSSIs were better 
able to estimate loads as CSSIs are based on land 









Size: 3860 km2. Mostly 
rural, some urban; land 
use is dominated by 
grazing. Other uses 
include cropping, 




Due to a lack of land use discrimination in previous 
fingerprinting studies using radionuclides and 
geochemistry, CSSIs were employed as a means of 
discrimination. Discrimination between forest, 
pasture and cultivated land was successful. The 
primary source of sediments was determined to be 
from channel banks for the Logan River, and also a 
significant source for the Albert River. Forest soil 
sources appeared to dominate the Albert River 








Sinze: 5.4 km2 (small 
portion of the 
Blackwater sub-
catchment of the 
Wensum River). 
Primarily agricultural. 
2H isotope analysis, 
average chain 
length (ACL) and 
carbon preference 
index (CPI). 
Through the use of 2H, 13C, ACL and CPI data for 
long-chain hydrocarbons, the authors were able to 
distinguish organics from various plant sources 
using a Bayesian unmixing model. 2H values helped 
discriminate plant functional type (e.g. C3 
graminoids vs. trees); 13C values separated C3 and 
C4 sources. The authors demonstrated the benefits of 
a comprehensive approach to sediment source 






Size: 31 km2. Highly 
modified system with 
only 5% natural. 
Combination of forest 
and agriculture flanking 
the river. 
None. Successfully differentiated forest and agricultural 
soils using four mid- to very long-chain fatty acids. 
Arable and pasture lands were, however, not 
successfully separated during apportioning using a 
combination of four fatty acid tracers.  Used 
quantitative data from fatty acids to apportion 
sediment as opposed to previous studies that used 
total organic carbon. 
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The use of the CSSI acronym has been adopted for soil and sediment tracing in order to 
emphasize the use of stable isotopes; more commonly, the acronym CSIA (compound-specific 
isotope analysis) has been employed, which is generally associated with the use of stable 
isotopes. In contrast, CSRA refers to compound-specific radiocarbon isotope analysis–a 
relatively new technique used in tracing that uses radioactive carbon-14 (14C) (Ahad et al., 2011). 
The International Atomic Energy Agency (IAEA) has adopted the CSSI acronym for the 
purposes of soil and sediment tracing (IAEA, 2009, 2015); this is the acronym that will be used 
throughout the paper. The CSSI approach to sediment tracing is thus similar to previous source 
apportioning techniques that have been employed in, for example, tracing hydrocarbons in fuel 
spills (Boyd et al., 2006). 
From a modelling perspective the CSSI approach differs slightly from food web studies, 
where bulk analysis of isotopes is performed. Bayesian unmixing models, such as MixSIAR, 
have been developed by ecologists for ecological studies, such as food webs. MixSIAR was 
designed to use at least two different isotopes (nitrogen and carbon). The biomarkers used in 
CSSI tracing of sediments have mostly been analyzed for the isotopes of carbon, and therefore 
each individual biomarker is treated as an “isotope” for statistical purposes (Gibbs, 2008; Blake 
et al., 2012; Hancock and Revill, 2013), although the need to include hydrogen isotopes may be 
necessary, as Cooper et al. (2015) have demonstrated when using long-chain alkanes as tracers. 
The term “isotopic signature” in this context will be in reference strictly to the isotopes of carbon 
hereafter.  
The biomarkers under consideration for soil and sediment tracing are the free VLCFAs that 
are primarily found in the aerial portion of the plant (leaves, needles) (Reina-Pinto and 
Yephremov, 2009) and, probably to a much lesser extent, the degradation products of suberin 
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found in roots (Naafs et al., 2004; Otto and 
Simpson, 2006; Wiesenberg et al., 2012). 
On a molecular level, all higher plants 
produce the same panel of VLCFAs. The 
potential to discriminate sediment sources 
based on land use–and the respective 
vegetative cover–relies on the isotopic 
signature of the FAs in the source sediments 
being unique for each source. Figure 2.1 is a 
simplified diagram illustrating the approach 
to sediment tracing using CSSIs, on the 
assumption the isotopic signature of the biomarkers from the two sources shown are unique. 
2.3.2  Determination of delta (δ) shifts for isotopic ratios of carbon 
The isotopic signature of a particular biomarker is dependent on several factors. Carbon-12 
(12C; 98.89%) is more abundant than carbon-13 (13C) (Meckenstock et al., 2004). In biological 
systems, the heavier isotope (13C) tends to be discriminated against i.e. a preference exists to 
incorporate 12C at a greater rate into biologically synthesized organic molecules over 13C. The 
source of discrimination, although small, is due to the slightly weaker bond that 12C forms. The 
weaker bond translates into lower energy requirements when breaking 12C bonds over 13C bonds 
during resynthesis. The discrimination is often referred to as isotopic fractionation or the kinetic 
isotope effect (KIE) (Meier-Augenstein, 2002; Meckenstock et al., 2004). 
Isotope values are determined on an isotope ratio mass spectrometer (IRMS). A review by 
Glaser provides a good description of the instrument setup for performing both bulk isotope 
Figure 2.1. Diagram of a simplified, general approach 
to sediment source fingerprinting using 
carbon CSSIs. 
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analysis and CSIA (Glaser, 2005). In order to standardize the values obtained by the IRMS, the 
values are adjusted according to accepted international standard values using Equation 2.1: 
δ13CVPDB= ቈRsample-RVPDBRVPDB ቉×10
3 Equation 2.1 
Rsample refers to the δ13C:12C ratio for the sample (always the heavier to the lighter isotope), 
and RVPDB refers to the δ13C:12C ratio of the standard the sample is being measured against (in 
this case, Vienna-Pee Dee Belemnite or V-PDB). The most commonly used standard for carbon 
is V-PDB, which is based on the CO2 obtained from a Cretaceous belemnite (Zapata, 2003; 
Meckenstock et al., 2004). Results are reported in the parts-per-mille range (‰). A negative sign 
in the resulting calculation indicates the sample is depleted in the 13C isotope relative to the 
selected standard; a positive sign, or less negative value, would indicate 13C enrichment. For 
reference purposes, atmospheric CO2 is depleted in 13C (reported as -8‰) relative to the V-PDB 
standard (Wiesenberg et al., 2008), although the CO2 value is changing due to anthropogenic 
activity. Restrictions on the availability of standards are in place. The V-PDB standard has been 
exhausted but standards calibrated to V-PDB are available. 
2.4 Plant-derived biomarkers 
2.4.1 Biomarker criteria and sources 
For soil and sediment tracing purposes, plant-derived organics have been identified as a 
suitable source of biomarkers (Gibbs, 2008), as organics from the aerial and root portions of the 
plant are transferred to the soil. With a wide range of plant-derived organics to select from, 
justification for selecting FAs as a suitable biomarker can be made by examining the following 
criteria that are required for successful tracing using CSSIs: (i) transferability: FAs are deposited 
continuously onto and in the soil during the plant’s growing season; (ii) stability: saturated FAs 
are not prone to chemical conversion e.g. oxidation; (iii) recalcitrance: persistence in the soil due 
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to aggregate formation and resistance to soil microbe digestion; (iv) mobility: FAs are subject to 
transportation with surface materials (or sediment) during flow events; and (vi) isolatable: 
extraction, purification and analysis of FAs with a high degree of certainty is possible.  
The studies by Gibbs (2008), Blake et al. (2012), Hancock and Revill (2013), and Alewell et 
al. (2016) all used FAs as tracers. Not all FAs are necessarily suitable for tracing, the reasons for 
which should become evident in the following sections, and something that Alewell et al. (2016) 
have recently suggested. 
2.4.2 Plants: a good source of FA biomarkers 
The primary source of soil organic carbon (SOC) is from decaying above-ground and below-
ground plant tissue (De Deyn et al., 2008). Soil organic matter (SOM) ranges in content from 
0.2% in desert soils to 80% in peat soils; temperate regions range between 0.4-10%; humid 
regions between 3-4% and semi-arid regions between 1-3% (Paul, 2007). The organic matter 
(OM) transferred from plants to soils consists of an array of organic compounds, such as 
carbohydrates, proteins, lignin, terpenoids, FAs and their associated compounds (e.g. n-alcohols, 
n-alkanes), among others (Simoneit, 2005; Lützow et al., 2006; Feng and Simpson, 2008; Tareq 
et al., 2011). 
A number of organic molecules are associated with plants and are available as potential 
biomarkers for soil tracing purposes. The major components of plants are the polysaccharides 
(e.g. starch, cellulose, pectins, hemicelluloses; 50-60%) and lignin (15-20%); the balance of 
organics include proteins, polyphenols, chlorophyll, cutin, suberin, lipids and waxes (10-20%) 
(Lützow et al., 2006). Biomarkers include compounds such as lignin, FAs, n-alcohols, n-alkanes 
and terpenoids (Bull et al., 2000; Chikaraishi and Naraoka, 2003; Simoneit, 2005; Tareq et al., 
2011). Other compounds commonly found in plants, such as amino acids (e.g. proteins) and 
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sugars (e.g. cellulose), are readily susceptible to microbial degradation because of their high 
energy content and therefore have high turnover rates (Lützow et al., 2006; Davis et al., 2009), 
making them unsuitable as tracers. 
Many of the properties desirable in biomarkers can be found in the plant cuticle. The term 
‘cuticle’ refers to the hydrophobic structures found outside of the epidermal cell wall of plants 
and consists of a combination of cutin, cutan and wax (Jetter and Kunst, 2008; Pollard et al., 
2008; Reina-Pinto and Yephremov, 2009). Cuticular matrices, consisting of a variety of organic 
molecules, are found in the aerial portions of higher plants, such as the leaves, fruits, non-woody 
stems and the organs of flowers (Heredia, 2003; Pollard et al., 2008). Figure 2.2 shows a cross-
section of a typical leaf, identifying some of the key components. 
Embedded within the cuticular matrix, or located on the surface thereof, are the waxes. 
Prominent components of leaf waxes include n-alkanes (primarily odd-numbered, C27-C33 
(Chikaraishi and Naraoka, 2003)), n-alcohols, and n-alkanoic acids (primarily even-numbered 
C22-C40 (Reina-Pinto and Yephremov, 2009)), all of which are generally classified as lipids 
(Simoneit, 2005; Wiesenberg et al., 2010a), with lipid being the general term used for any 
  
Abbreviations 
EW epicuticular waxes 
C cuticle proper–the 
cutin matrix, 
containing waxes 
CL cuticular layer–may 
contain cutin and cell 
wall polysaccharides, 
as well as waxes 
PW primary cell wall 
Cy cytoplasm 
V vacuole 
ML middle lamellae 
PM plasma membrane 
Figure 2.2. Typical leaf structure of plants (cross section) (Pollard et al., 2008). Adaxial (upper) epidermis (shown 
as inset) is usually thicker than the abaxial (lower) epidermis. Stomata are usually more abundant on the 
abaxial side. The palisade mesophyll layer contains more chloroplasts for photosynthesis than the 
spongy mesophyll. 
- 37 - 
 
compound that is preferentially fat soluble i.e. hydrophobic. Wax esters are also present, and 
may range in length from C36 to C70 (Reina-Pinto and Yephremov, 2009). Additional waxy 
components include terpenoids, phenylpropanoids and flavonoids (Simoneit, 2005; Samuels et 
al., 2008; Reina-Pinto and Yephremov, 2009). Fatty acids and FA-related compounds (e.g. n-
alkanes, n-alcohols) have been identified as potential tracers for sediment transport because of 
their persistence in the soil (Simoneit, 2005; Wiesenberg et al., 2010a). Other compounds lack 
the same type of stability or are not as abundant. 
2.5 Sources of isotopic variability during FA synthesis 
Using the assumption that FAs are a good choice of biomarker for sediment tracing and 
fingerprinting purposes, the following sections discuss the sources of natural variability observed 
when analyzing FAs for 13C:12C ratios. (Note that the sources of variability discussed regarding 
FAs similarly applies to FA-related compounds, such as long-chain hydrocarbons, as the 
biochemical pathways are related.) The factors that affect the natural variability during FA 
synthesis can be broken down into two categories: (i) biological and (ii) environmental. 
2.5.1 Biological factors 
Determining which FAs are suitable as tracers requires some understanding of the 
biochemical processes that occur within plants. The most important processes include the 
method in which CO2 is fixed during photosynthesis, and the biological pathways the products of 
photosynthesis follow during the production and elongation of FA moieties. These influences on 
the FA isotopic signature are discussed in the following section. 
2.5.1.1 Plants and isotopic fractionation 
Carbon dioxide is the primary source of carbon that plants use to synthesize more complex 
organic molecules via photosynthetic pathways. Plants are generally divided into three main 
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categories based on the 
photosynthetic pathway 
and photosynthate the plant 
produces from the Calvin 
cycle. The three main 
categories of higher plants 
include the C3 (e.g. rice, 
sugar beet, most trees), C4 
(e.g. corn, sugar cane) and 
CAM (Crassulacean acid 
metabolism; e.g. cacti)2 
plants (Chikaraishi and 
Naraoka, 2003). Of these three categories, C3 plants account for more  
than 90% of all plant species (Glaser, 2005), with the remainder primarily C4. The discussion 
presented here will be on C3 and C4 plants. 
Considerable differences in the bulk carbon (13Cbulk) isotopic signatures have been reported 
for C3 and C4 plants. Figure 2.3 illustrates the noticeable difference in discrimination that is 
observed when analyzing bulk plant samples for 13C:12C isotope ratios. The degree of 
discrimination against 13C is greater in C3 plants than in C4, as indicated by more negative δ 
values, and both are more depleted in 13C than atmospheric CO2 (-8‰ on the V-PDB scale). 
Overall, most of the photosynthetic products of the Calvin cycle in C3 plants show variation in 
                                                 
2 CAM plants function in a similar manner to C4 plants but are adapted to arid conditions. Unlike C3 and C4 plants, CO2 is 
captured and stored during the night to prevent evapotranspiration. The stored CO2 is then released and processed during the 
day when energy, in the form of light, is available.    
 
Figure 2.3. δ13C values of various plants species taken worldwide from 
around 1000 analyses as reported on the V-PDB scale; 
histogram adapted from O’Leary (1988) and Glaser (2005). 
Species shown are based on 13C bulk analysis of plants as 
reported by Chikaraishi and Naraoka (2003) with atmospheric 
CO2 shown as a reference. Note that Crassulacean acid 
metabolism (CAM) plants vary over a wide range.  
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isotopic signature (δ13C) between -21‰ and -35‰; most C4 plants show a range from -9‰ to -
20‰ (Badeck et al., 2005). Alkanes and other lipids found in plants have been shown to be 
depleted by 4-6‰ relative to bulk values in C3 plants; in C4 plants, the relative depletion has 
been shown to range between 8-10‰ (Hobbie and Werner, 2004). Leaves tend to be the most 
depleted in 13C, and root material appears to be the most enriched (Hobbie and Werner, 2004; 
Badeck et al., 2005). A major contributor to the differences in 13Cbulk discrimination observed in 
C3 and C4 plants is the way in which CO2 is fixed within the leaf. 
The C3 designation for plants originates from the three-carbon product that is produced 
immediately following the fixation of CO2 from the atmosphere; similarly, the C4 designation 
refers to the four-carbon molecule produced in C4 plants immediately after CO2 fixation. The 
enzyme rubisco (ribulose bis-phosphate carboxylase) fixes CO2 in C3 plants, whereas the enzyme 
PEP (phosphoenolpyruvate) carboxylase does so in C4 plants. The primary difference between 
C3 and C4 plants is that in the presence of lower CO2 pressures, C3 plants will photorespire; O2 
will competitively bind with rubisco, ultimately leading to the expiration of a CO2 molecule and, 
consequently, decreased efficiency in the photosynthetic cycle. 
The first point of isotopic fractionation occurs when CO2 diffuses into the plant through the 
stomata (Craig, 1953; Farquhar et al., 1989; Beerling et al., 2001) located on the surfaces of 
needles, leaves or grass. The stomata act as the interface between the leaf and the atmosphere, 
responding to changes in environmental conditions. Stomata primarily regulate the flow of CO2 
and water vapor into and out of the cell. Both the stomatal density (SD) and size are 
environmental- and species-specific. Incorporation of CO2 into the C3 and C4 CO2-fixing 
pathways show preference for the lighter 12C isotope (KIE), resulting in a deficiency of 13C in 
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plant structures and an enrichment of 
13CO2 in the atmosphere surrounding the 
plant (Farquhar et al., 1989; Badeck et al., 
2005). 
In C3 plants, the greatest point of 
isotopic fractionation occurs once CO2 is 
irreversibly fixed by the carboxylation 
process performed by rubisco; in C4 
plants, PEP performs the initial 
carboxylation in the mesophyll cells and 
does not discriminate in favor of 12C to the extent of rubisco (O’Leary, 1988) Figure 2.4). In C4 
plants, CO2 that has diffused into the cell is dissolved as HCO3-, with the heavier isotope 
concentrating in the HCO3- relative to gaseous CO2. PEP carboxylase, which actually fixes 
HCO3- as opposed to CO2, discriminates against H13CO3- (O’Leary, 1988; Farquhar et al., 1989). 
The CO2 product that results from the action of PEP is eventually transferred into the bundle 
sheath cells, where the incorporated CO2 is released, and is then fixed by rubisco in the same 
mechanism as found in C3 plants. Some leakage of CO2 and HCO3- between the mesophyll and 
bundle sheath cells occurs, resulting in mixing, which affects isotopic ratios (Farquhar et al., 
1989). 
A discrimination3 of 4.4‰ (theoretical) favoring diffusion of 12CO2 through stomatal pores in 
C3 plants has been reported and ~29‰ for the carboxylation reaction associated with rubisco 
                                                 
3 More positive values associated with the term ‘discrimination’–denoted Δ in the literature–reflect more negative δ13C values 
i.e. C4 plants show less discrimination and therefore have smaller positive values. The convenience of using Δ over δ13C 
values is that Δ is independent of the isotopic ratios using a standard for comparison. As an example, a δ13C value of -27.6‰, 
assuming a CO2 δ13C value for air of -8‰, corresponds to a Δ value of +20.1 %; a δ13C value of -13.0 corresponds to a Δ 
value of 0.5%. For a more detailed discussion on Δ, see Farquhar et al. (Farquhar et al., 1989).  
Figure 2.4. In C4 plants, atmospheric CO2 fixation 
initially occurs in the mesophyll cell by 
phosphoenolpyruvate (PEP). The CO2 is 
transferred to the bundle sheath cells, where it 
enters the Calvin cycle by the actions of 
rubisco, producing photosynthate (e.g. 
sugars); in contrast, CO2 fixation occurs in C3 
plants in the mesophyll cells only. (RuBP:  
ribulose-1,5-bisphosphate; 3-PG: 3-
phosphoglycerate) 
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(O’Leary, 1988). In contrast, CO2 fixation by PEP in C4 plants has been reported to have an 
effective discrimination of -5.7‰ and ~29‰ for rubisco (Farquhar et al., 1989; Cernusak et al., 
2009), thereby resulting in a greater incorporation of 13C into C4 plant tissues over C3 plants 
(Cernusak et al., 2009). The term ‘effective’ is included to take into consideration the effect of 
leakage of CO2 out of the bundle sheath cells back into the mesophyll cells in C4 plants, as 
previously mentioned. 
2.5.1.2 Production of FAs and related compounds 
Fatty acids and their related compounds are abundant in the leaf cuticle. Fatty acids less than 
twenty carbons in length–typically C16 or C18–are constituent elements of the lipid portion of leaf 
cell membranes, and are often referred to as common FAs (Millar et al., 2000; Matsumoto et al., 
2007). Additional information is provided throughout this paper suggesting that these common 
FAs should be avoided as tracers. 
The products of photosynthesis, such as sugars, are used in the production of FAs. The 
common FAs–C16, C18 and some of the related unsaturated structures–are produced using 
identical biochemical pathways between plant species (Millar et al., 2000; Richter et al., 2010). 
The de novo 
biosynthesis of 
FAs occurs in the 
leucoplasts found 
in the epidermis of 
plant cells (Figure 
2.5). The  
Abbreviations 
ACCase acetyl-CoA carboxylase 
PA phophatidic acid 
ACP acetyl carrier protein 





Figure 2.5. Scheme reproduced from Ohlrogge and Jaworski (Ohlrogge and 
Jaworski, 1997) showing the formation of common FAs in cell plastids.  
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commonly produced FAs are palmitic (16:0)4, stearic (18:0), palmitoleic (16:1ω7) and oleic 
(18:1ω9) acid  
 (Harwood, 1996; Ruess and Chamberlain, 2010).  
The common FAs are non-specific across taxa, and thus determining their origin can be 
difficult; FAs are not only basic components of cellular membranes (phospholipid FAs, or 
PLFAs), but also act as important energy storage mechanisms in the form of neutral lipid FAs 
(NLFAs) incorporated as triacylglycerols (TAGs), which are often found in oil bodies such as 
seeds (Harwood, 1996; Ruess and Chamberlain, 2010). Only small variations in the 13C isotope 
ratios of the common FAs can be expected within a plant type e.g. C3 plants, and this could be 
attributable to variations in growth conditions and other factors which will be subsequently 
mentioned (Gibbs, 2008; Richter et al., 2010). The unique FAs tend to be found in oil bodies as 
TAGs, or in the leaf cuticle. 
Once the C16 and C18 
FAs are transferred outside 
of the plastid, extension of 
the FAs to form VLCFAs 
occurs at the endoplasmic 
reticulum. Several FA 
elongases are involved in 
extending the chain length 
in a series of cycles by two 
carbons per cycle, hence 
                                                 
4  The designation 16:1 refers to an FA containing sixteen carbons with one unspecified point of unsaturation. A common 




KCR β-ketoacyl CoA 
reductase 
MAH mid-chain alkane 
hydroxylase 
WSD wax ester 
synthase 
Acyl CoA Acyl coenzyme A 
      
Figure 2.6. Pathways leading to the formation of VLCFAs and some of the 
known biosynthetically-related compounds (Jetter and Kunst, 
2008).  
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the even number preference of VLCFAs (Jetter and Kunst, 2008; Samuels et al., 2008). Odd-
numbered VLCFAs are also present in plant waxes, but their occurrence is usually an order of 
magnitude less than the even-numbered FAs (Rezanka and Sigler, 2009). 
As shown in Figure 2.6, several classes of compounds are derived from the common acyl 
CoAs, which include the VLCFAs, n-alkanes and primary alcohols (Jetter and Kunst, 2008). The 
n-alkanes are found in the leaf cuticle, and have been used in isotope analyses (Chikaraishi and 
Naraoka, 2003; Cooper et al., 2015). Similarly, n-alcohol derivatives have been used as 
biomarkers (Bull et al., 2000). 
Several of the pathways that lead to the various classes of compounds remain unknown (Jetter 
and Kunst, 2008; Samuels et al., 2008; Perera et al., 2010). The aldehydes retain the even-
number predominance as do the primary alcohols. Decarbonylation (release of CO) or possibly 
decarboxylation (release of CO2) mechanisms lead to the loss of a carbon and the predominately 
odd-numbered preference seen in n-alkanes (Heredia, 2003; Jetter and Kunst, 2008). 
2.5.2 Environmental factors 
The ratio of intercellular CO2 pressure (pi) to the partial pressure of ambient atmospheric air 
(pa) has been indicated as affecting the degree of discrimination against 13C incorporation during 
CO2 fixation (Farquhar et al., 1989; Badeck et al., 2005; Wang et al., 2010). As stomatal 
conductance (the flow of CO2 into the mesophyll) decreases, pi decreases (and increases the ratio 
of pi/pa) and thus less negative δ13C values are expected (less discrimination) (Farquhar et al., 
1989; Wang et al., 2010). Essentially, the loss in conductance reflects a decrease in the 
opportunity for rubisco to discriminate between 13CO2 and 12CO2. A good understanding of 
potential factors which may influence stomatal conductance, and thus pi, will help to identify the 
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source of variability within and between species exposed to a host of differing environmental 
conditions. 
2.5.2.1 Water use efficiency (WUE) 
Stomatal conductance is influenced by water availability. As water stress becomes a factor, 
stomata close in order to decrease transpiration, resulting in a decrease in stomatal conductance 
(Ainsworth and Long, 2004; Wang et al., 2010). A decrease in stomatal conductance results in 
less CO2 pressure within the leaf, and thus less discrimination by the CO2 fixing enzymes as the 
CO2 pool becomes limited (Farquhar et al., 1989; Wang et al., 2010). Water availability thus has 
an impact on 13C discrimination; with an increase in soil moisture, stomatal conductance 
increases i.e. stomata open (Wang et al., 2010). Grasses have been shown to more efficiently 
control stomatal aperture opening than non-grass species to maximize WUE (Hetherington and 
Woodward, 2003). Some C3 species have been shown to be more drought-resistant or drought-
tolerant than others, leading to less variability between dry and moist soil conditions 
(Gebrekirstos et al., 2010). Less discrimination against 13C has been found for evergreen conifers 
than in broad-leaved deciduous hardwood species, which was attributed to less efficient water 
usage by deciduous trees (Kloeppel et al., 1998). 
2.5.2.2 Altitude 
There is still no clear connection between variations in altitude and 13C content in plants. An 
enrichment of 13C has been seen in many case studies. One of the explanations has been that a 
decrease in atmospheric pressure of CO2 and O2, as well as temperature, leads to the stomata 
closing, as the decreased pressure results in greater evaporation (Hultine and Marshall, 2000; 
Wei and Jia, 2009; Wang et al., 2010). With a decrease in the partial pressure of CO2 at higher 
altitudes, one of the expectations is to see an increase in SD in order to compensate for the lower 
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pressure, thereby enhancing stomatal conductance. The expected result would be a decrease in 
13C concentration in the plant; however, Hultine and Marshall (2000), and references cited 
therein, indicate that, although stomatal conductance may increase with altitude, an enrichment 
of 13C at higher altitudes contradicts expectations, and may therefore not be the factor affecting 
13C enrichment. Kloeppel et al. (1998) and Körner et al. (1988) had reached similar conclusions. 
The oft-cited study by Körner et al. (1988) found an enrichment in 13C of +1.2‰ per km increase 
in altitude in the leaves of various species of C3 plants, with the lowest variation in species that 
were high-ranging. As an example of the various conclusions from a variety of studies, humid 
regions often showed an increase in 13C concentration with altitude (Körner et al., 1988), 
although responses have varied from -0.9‰ to +2.7‰ per km (Wei and Jia, 2009); semi-arid and 
arid regions showed a decrease; a study of a temperate to semi-humid region of C3 plants in 
China showed no change (Wang et al., 2010); a study of cold-temperate boreal forests (C3 plants) 
also showed an increase in 13C concentration with altitude (Kloeppel et al., 1998). Studies of C4 
plants show less variability, or where variability has been observed, the variability was attributed 
to other factors (e.g. nutrition, water availability) (Van de Water et al., 2002; Wang et al., 2010). 
2.5.2.3 Canopy height, leaf age and branch length 
In trees, variations of 13C concentration of leaf and needle samples have been found within the 
canopy. The rate of photosynthesis is affected by canopy closure. Foliage from sunlit areas, 
where the rate of photosynthesis is greatest, is typically enriched in 13C (Leavitt and Long, 1986; 
Warren and Adams, 2000). Leaf samples thus taken at different heights in tree crowns exhibit an 
enrichment gradient of 13C from the top of the crown (enriched) to the bottom of the crown 
(depleted) for certain species (Farquhar et al., 1989; Cernusak et al., 2009), where the value of pi 
tends to be higher (Leavitt and Long, 1986; Farquhar et al., 1989). Leavitt and Long (1986) 
- 46 - 
 
found that the isotopic value of cellulose at 229 cm above the ground of Juniperus monosperma 
had a δ13C of -20.0‰, whereas at 77.5 cm, the value was approximately -22.0‰. In addition to a 
vertical gradient, Warren and Adams (2000) investigated the effect of branch length on 13C 
concentrations; the authors determined that hydraulic conductance–responsible for supplying 
photosynthetic tissues with water–was reduced in longer branches, which resulted in higher 13C 
concentrations. Warren and Adams noted that environmental conditions will affect the hydraulic 
flow of water to leaves, and therefore variations in 13C concentrations should be expected within 
species; δ13C signatures were also least negative in most recently formed foliage (Badeck et al., 
2005; Cernusak et al., 2009). Species within a community have been found to differ in δ13C 
signature by as much as 4‰ due to seasonal variations, with compositional changes 
accompanying changes in altitude; the leaf lifespan also varies considerably between species, 
with a tendency toward more negative values at the end of the growing season (Leavitt and 
Long, 1986; Wei and Jia, 2009). 
2.5.2.4 Other factors 
There are a host of additional factors that have been indicated as affecting 13C discrimination 
during CO2 uptake. The availability of nutrients in the soil must be taken into consideration 
(Ainsworth and Long, 2004; Wang et al., 2010). Less discrimination has been shown to be 
positively correlated with increasing soil strength (physical resistance of the soil e.g. drier soils) 
(Farquhar et al., 1989). Temperature has been implicated as affecting the rate of photosynthesis 
and therefore stomatal conductance, with a decrease in temperature leading to an increase in 
stomatal aperture, resulting in a decrease in δ13C (Wang et al., 2010). A study by Evans and Von 
Cammerer (2013), however, found that there was no variation in the carbon isotopic signature 
with temperature in tobacco plants. Although variations in discrimination did occur (increased 
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photorespiration with temperature versus mesophyll conductance), the effects balanced, leading 
to no observable net effect. Season, altitude and location within the hemisphere have been 
identified as possible factors affecting 13C concentrations (Körner et al., 1988; Van de Water et 
al., 2002; Wang et al., 2010) but, as Wang et al. (2010) suggested, the most important element 
may be the growth-limiting factor (e.g. nutrition, water, sunlight). Aerodynamic considerations 
have been investigated and are considered to be negligible (Hetherington and Woodward, 2003; 
Wang et al., 2010); for example, aerodynamic conductance of grassland canopy has not been 
shown to have a great impact on stomatal aperture and gas exchange (Hetherington and 
Woodward, 2003). Relative humidity may be a key factor in stomatal aperture response to CO2 
concentrations (Ainsworth and Long, 2004). 
The source of CO2 may influence the degree of 13C content in atmospheric CO2. The 
atmosphere is becoming depleted in 13CO2 due to the burning of fossil fuels since 1840, and thus 
the ratio of 13C to 12C is decreasing over time (the Suess effect) (Farquhar et al., 1989; Savage et 
al., 2010). As a result of ever-changing CO2 levels (whether anthropogenic sources, or due to 
CO2 release by soils (Rustad et al., 2000)), a change in isotopic ratio would be expected in 
biomarkers produced by the same plants over a particular time period primarily due to 
atmospheric changes in 13CO2 concentrations (Arens et al., 2000). Additionally, an exchange 
between atmospheric CO2 and CO2 produced by soil microorganisms (Matsumoto et al., 2007) 
may influence 13CO2:12CO2 ratios. 
The light intensity and quality may affect δ13C values, as well as air pollutants and the 
physiological state of the organ (Gleixner et al., 1993). One study indicated that the presence of 
mist, which limited radiation in the study, was, however, negligible (Wang et al., 2010). Leaf 
morphology, thickness and nitrogen content have been considered as sources for variation of 13C 
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concentration (Hultine and Marshall, 2000). Salinity has been shown to cause stress in plants, 
thereby decreasing discrimination against 13C (O’Leary, 1988; Farquhar et al., 1989; Gleixner et 
al., 1993). 
2.6 Soil organic carbon and lipids 
2.6.1 Lipids and the soil environment 
One of the most important assumptions when selecting a tracer is that the tracer’s fingerprint 
is conserved between the source and the end-member (Koiter et al., 2013). From a sediment 
tracing perspective, important factors include turnover times (i.e. recalcitrance or preservation), 
abundance, and uniqueness. Land use may affect the type and amount of material that is 
deposited or integrated into the soil. Agricultural land use may involve monocropping, where the 
deposited plant material is consistently similar between years (Wiesenberg et al., 2010a). 
Alternatively, regular crop rotation will lead to a variation in the type and quantity of organics 
that are deposited (Wiesenberg et al., 2004b). Agricultural tillage practices may influence the 
nature of SOC. Conventional tillage incorporates plant residues directly into the soil (Li et al., 
2007), which decreases carbon sequestration rates and has been suggested to be the result of a 
disturbance in fungal growth (White and Rice, 2009). In contrast, agricultural fields where 
conservation tillage is used (crop residues remain on the surface of the soil) may show higher 
OM incorporation rates. 
Plant-derived lipids found in the soil are considered to be the most recalcitrant of all organic 
molecules, displaying low turnover rates and residence times that can vary from decades to 
millennia (Lützow et al., 2006; Wiesenberg et al., 2010a, 2010b). Plant-derived n-alkanes are 
often the most recalcitrant, followed by alkanoic acid and then lignin (“lignin“ refers to the 
portion of plant residues that is solubilized by strong acid); however, true recalcitrance is likely 
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dependent on the soil ecosystem (presence/absence of certain microbes; soil type; aggregation) 
(Schmidt et al., 2011). Ecosystem changes, such as an increase in fungal growth, which is 
associated with the degradation of lignin, and is promoted by an increase in soil temperatures, 
have been shown to decrease total lignin and increase the amount of cutin found in the soil (Feng 
and Simpson, 2008). 
Shorter-chain plant lipids, such as the C16 and C18 FAs, tend to be more highly incorporated 
into the diets of microorganisms in order to conserve energy by avoiding de novo synthesis (Bull 
et al., 2000; Matsumoto et al., 2007; Ruess and Chamberlain, 2010). Dippold and Kuzyakov 
(2016) recently demonstrated that isotopically labelled palmitate added to soil was preferentially 
incorporated by microorganisms during PLFA synthesis over de novo synthesis. Indeed, changes 
in the C16 and C18 profile (saturated vs. unsaturated) provide an indication of the degree of 
microbial activity occurring in the soil. The activity and thus source of C16 and C18 may vary 
according to the plant’s growth stage (Wiesenberg et al., 2012). Furthermore, the shorter-chain 
FAs are more water soluble, allowing them to penetrate deeper into the soil profile and be 
accessed by microorganisms (Matsumoto et al., 2007). The n-alkanoic acids are still subject to 
degradation, but it has been suggested this occurs at a slower rate relative to other lipids (Bull et 
al., 2000). 
Phospholipid FAs are structures common to a vast number of organisms, and therefore the 
source cannot be readily differentiated (Zelles, 1999; Harji et al., 2010; Frostegård et al., 2011); 
however, PLFAs and NLFAs have been isolated that are characteristic of specific organisms 
present in the soil, including mycorrhizae, algae and fungi (Jeannotte et al., 2008; Wu et al., 
2009; Harji et al., 2010; Frostegård et al., 2011). Characterization of microbial communities has 
been performed based on the presence of certain unique lipids. Isotopically labelled palmitate 
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indicated rapid transformation into unsaturated FAs characteristic of microbial communities with 
transformation preferential in microorganisms over FA chain extension (Dippold and Kuzyakov, 
2016). After cell death, the PLFAs are quickly converted to diglycerides, which are relatively 
stable and neutral (Hackl et al., 2005). Hydrolysis of the diglycerides could contribute to mid-
chain FA content (<C20) to the soil (Naafs et al., 2004). An experiment conducted by Wiesenberg 
(2012) using extraction conditions for obtaining free FAs showed a higher proportion of 
unsaturated C18 and C16:0 FAs, and the characteristic C19:1 FA indicating microbial activity 
increased over the duration of the experiment. 
Suberin, a main component of roots, is a biopolyester and, as such, the FAs would be released 
upon hydrolysis (Franke and Schreiber, 2007; Pollard et al., 2008), a procedure commonly used 
in PLFA analyses to liberate the FAs (Zelles, 1999). Microbial hydrolysis could release the FAs 
found in suberin into the soil (Marseille et al., 1999; Naafs et al., 2004). Root material may 
contribute to FAs between n-C20 and n-C24, in contrast to the aerial portion of the plant that 
contains a greater amount of C28 and C30 (Wiesenberg et al., 2012). Matsumoto et al. (2007) have 
suggested that primarily C16 and C18 FAs may be transported from the leaves of plants, through 
the stem and released in the fine roots due to adequate solubility, whereafter microbial 
resynthesis is likely to occur. 
Soil pH has been indicated to affect lipid preservation. A more alkaline pH may aide in 
preserving n-alkanes; conversely, a lower pH has been shown to increase the accumulation of n-
alkanoic acids (Bull et al., 2000). Dry and anaerobic soils also lead to lipid accumulation due to 
low microbial activity (Simpson et al., 2008). Wiesenberg et al. (2010b) demonstrated microbial 
“hotspots” in the rhizosphere (vicinity of the plant root material) produced fast lipid turnover 
times. The experimental design ensured no above ground inputs of FAs. After introduction of 
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plants into the soil, the 
FA profile of the soil 
(loess) was monitored 
over time. There was a 
change in the entire FA 
profile over the course 
of the experiment. All 
FAs, including n-FAs 
>C18, showed a 
decrease in 
concentration; however, the most notable change was the loss of C16:0, and an increase of C16:1-2 
unsaturated FAs–FAs characteristic of microorganism activity (Wiesenberg et al., 2010b) (see 
Figure 2.7). The same study by Wiesenberg (2010b) concluded that there was a low 
incorporation of root-derived FAs into the soil distant from the roots and, even in the vicinity of 
the rhizosphere, microorganism-derived FAs masked root-related deposition, although a 
growing-season dependency was established i.e. microorganism-derived FAs were highest 
during early growing times. 
Although the amount of carbon from microbial biomass is considered relatively small and 
estimated between 0.3 and 0.7% of total SOC (Lützow et al., 2006), the dynamic nature of the 
soil environment and microbial activity suggests using C16:0-2 and C18:0-3 FAs as biomarkers may 
be less than ideal to use for tracing. Additionally, the mid-chain FAs are ubiquitous and are 
derived from a multitude of sources (fungi, bacteria, algae and higher plants) (Marseille et al., 
1999; Wiesenberg et al., 2004a). A lack of conservation invalidates one of the key assumptions 
Figure 2.7. Demonstration that a change in the panel of FAs typically found in 
soil occurs in the root zone of plants (Wiesenberg et al., 2010b). The 
above image shows the root-free loess (control) and the rhizosphere 
loess at the termination of the experiment. A notable decrease in n-
C16 (saturated) occurred with the introduction of roots in 
conjunction with an increase in unsaturated C16–an indication of 
increased microbial activity. 
- 52 - 
 
in using soil and sediment tracing and enforces the “black box” approach of ignoring potential 
conversion of the tracer between source and end-member (Koiter et al., 2013). 
2.6.2 Persistence of FAs and soil aggregation 
The recalcitrance of certain OM in soil is still under investigation, and the exact mechanisms 
leading to the stabilization of SOM is lacking due to insufficient experimental evidence (Lützow 
et al., 2006); however, OM plays an important role in aggregation of soil and long-term soil 
stability (Williams and Petticrew, 2009). The contribution of fauna in the soil has been 
recognized: fauna provide excrement, take part in the consumption and conversion of SOC, are 
responsible for shredding litter, contribute to the mixing and transport of soil components, and 
aide in the formation of soil aggregates (Lützow et al., 2006; De Deyn et al., 2008). Occlusion of 
OM in aggregates restricts access by microorganisms for decomposition, and decreases inter-
aggregate space, thereby preventing degrading enzymes from breaking down the OM (Lützow et 
al., 2006). Occlusion of OM is also responsible for providing a binding agent for aggregates and 
for the creation of structural networks (De Deyn et al., 2008).  
The stabilization of OM has been assumed to be mostly due to interactions with mineral 
surfaces in soil, resulting in the OM associated with silts and clay as often being older (Lützow et 
al., 2006; Wiesenberg et al., 2010a). These sites also tend to be the main deposition sites for 
lipids. Through adsorption to clay mineral surfaces, and by intercalation into phyllosilicates, 
aliphatic compounds are thought to produce van der Waals forces that allow for binding between 
the clay and polymer (Lützow et al., 2006). Up to 95% of pore spaces in a silt loam may be too 
small for access by bacteria and the hydrophobic nature of aliphatic compounds may prevent 
access by degrading enzymes (Lützow et al., 2006). It is still unclear as to whether lipid 
recalcitrance is due to binding to the mineral surface, or due to protection within the soil 
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a g gr e g at e ( Wi es e n b er g et al., 2 0 1 0 a), a n d f urt h er r es e ar c h is r e q uir e d t o d et er mi n e t h e pri m ar y 
c a us e. 
2. 6. 2. 1  C o ns e q u e n c es of s oil a g gr e g at es a n d a c c essi n g F A bi o m ar k ers 
T h e r ol e of S O M i n t h e f or m ati o n of s oil a g gr e g at es s u g g ests t h at dis a g gr e g ati o n pri or t o 
e xtr a cti o n of s oil or g a ni cs m a y b e n e c ess ar y i n or d er t o a c c ess  l ar g er q u a ntiti es of l o n g- c h ai n 
F As a n d t o pr o d u c e a m or e h o m o g e n o us is ot o pi c si g n at ur e f or a s oil s a m pl e. I n or d er t o f a cilit at e 
t h e r el e as e of S O M c o nt ai n e d i n t h e silt a n d cl a y p arti cl e si z e fr a cti o ns, o n e of t w o m et h o ds ar e 
oft e n us e d: c h e mi c al dis p ersi o n o r, alt er n ati v el y, p h ysi c al t e ch ni q u es, s u c h as ultr as o ni c 
dis p ersi o n ( M e ntl er et al., 2 0 0 4;  Y a n g et al., 2 0 0 9). J a n dl et al. ( 2 0 0 4) f o u n d t h at t h er e w as 
g e n er all y a gr e at er a b u n d a n c e of F As i n t h e cl a y ( < 2 m) a n d fi n e silt ( 2- 6. 3 m) fr a cti o ns of 
s oils aft er ultr as o ni c  dis a g gr e g ati o n ( 4 4 0 J m L- 1, 2 0 ° C) w h e n c o m p ar e d t o w h ol e s oils. A n 
i n cr e as e i n t h e cl a y fr a cti o n b y s o ni c ati o n is d e p e n d e nt o n i n h er e nt s oil st a bilit y, a n d t h e a m o u nt 
of e n er g y t h at is a bs or b e d d uri n g s o ni c ati o n will v ar y d e p e n di n g o n t h e s oil s o ur c e ( M e ntl er et 
al., 2 0 0 4).  
C o nsi d eri n g t h e p ot e nti al r ol e  of l o n g- c h ai n F As i n f or mi n g s oil a g gr e g at es, a n d p arti c ul arl y 
t h e i nt ers p ersi o n a m o n g cl a y p arti cl es, a c o n u n dr u m a b o ut pr o c essi n g s oil s a m pl es pri or t o 
e xtr a cti o n e xists. U n p ert ur b e d s oi ls, s u c h as t h os e fr o m p ast ures a n d f or est, h a v e a m u c h gr e at er 
st a bilit y a n d ar e m or e hi g hl y a g gr e g at e d t h a n c ulti v at e d s oils,  e x hi biti n g l ess c ar b o n l oss ( Ri m al 
a n d L al, 2 0 0 9). T h e t y p e of till a g e ( e. g. c o ns er v ati o n vs. c o n v e nti o n al) i nfl u e n c es t h e a m o u nt of 
s oil l oss i n a gri c ult ur al fi el ds ( Li et al., 2 0 0 7), as w ell as a p pli c ati o n of f ertili z ers a n d t y p e of 
f ertili z ers ( Ri m al a n d L al, 2 0 0 9; Willi a ms a n d P etti cr e w, 2 0 0 9). T h e C S SI t e c h ni q u e will m ost 
li k el y b e a p pli e d i n a gri c ult ur al s etti n gs w h er e till a g e pr a cti c e is a f a ct or a n d t h e d e gr e e of 
a g gr e g ati o n m a y aff e ct t h e n at ur e of t h e F As t h at ar e a c c ess e d if n o dis a g gr e g ati o n is a p pli e d. 
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Conventional tillage has been shown to have the lowest aggregate stability, in contrast to no 
tillage, where stability and aggregation is highest (Schomakers et al., 2011). 
Rainfall simulations have demonstrated the kinetic energy of raindrop impact affects soil 
stability, leading to disaggregation of macroaggregates (considered sedentary) into 
microaggregates, which may now be mobilized during runoff processes and contribute to 
sediment loads (Rimal and Lal, 2009; Williams and Petticrew, 2009); conversely, 
microaggregates subjected to pedogenic processes leads to composite particle formation 
(Williams and Petticrew, 2009). The amount of soil mobilized by raindrop impact is dependent 
on the force of impact and the stability of the aggregate (Rimal and Lal, 2009). In northern 
environments, snowmelt, although lower in kinetic energy than rainfall, can lead to substantial 
sediment losses (Li et al., 2007). Yang et al. (2009) found that complete dissociation of all soils 
tested by sonication occurred at an energy of 600 to 750 J mL-1, which is perhaps the necessary 
energy level to then pre-treat all soils prior to extraction for CSSI analysis in order to release as 
much organic carbon (OC) as possible. Soil sample size will affect the amount of time required 
to disaggregate the sample, and lower energies may need to be applied for practical purposes. 
2.6.3 Biomarkers on (in) the horizon 
One of the limitations of the CSSI approach is that biomarkers need to be present—and 
detectable—in the sediment. The use of CSSIs may be limited due to the concentration of 
organic compounds where channel bank erosion is the major contributor of sediment. Similarly, 
floodplain or overbank deposits may show grain size-dependent variability in terms of OC i.e. 
finer particles tend to be enriched (Walling et al., 1998). 
Depending on the nature of the sample and its location in the catchment, larger quantities of 
sediment for analysis and/or the use of a disaggregation techniques to free the biomarkers may 
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be required, particularly where the sand fraction is higher (Schomakers et al., 2011). The use of 
other techniques such as FRNs and geochemical tracers will aide in apportioning sediment 
contributions to deposition zones in a composite fingerprinting approach. 
Channel bank material presents an interesting challenge in terms of determining the source of 
sediment: It is important to keep in mind that the concentration of lipids in general in the soil is 
expected to decrease when moving down the soil profile from the soil surface (A horizon, 
typically 10-20 cm in depth) and into the subsurface soils (B and C horizons) (Bull et al., 2000; 
Hancock and Revill, 2013). The decrease in soil and root carbon with depth has been shown to 
occur exponentially, with the majority of the carbon contained in the top 10 cm (Gleixner, 2013) 
(Figure 2.8, left image). Bull et al. (2000) found that the concentration of plant-derived alkanoic 
acids in the mineral horizon (5-18 cm) were an order of magnitude lower in concentration than in 
the humic horizon (0-5 cm). 
By sampling the bank close to the A horizon, distinguishing the channel bank material from 
the terrestrial sources above the bank may be difficult. As part of the composite fingerprinting 
process, including 14C analyses may be useful as one of the tracers in the unmixing model 
because 14C will reflect the age of carbon contributing to the sediments, which will vary with 
Figure 2.8. A decrease in carbon content with soil depth is shown for savanna soils (squares) and forest soils 
(circles) acquired in Cameroon on the left. On the right, a change in the δ13C with depth in the forest 
and savanna soils is shown. Images reproduced from Desjardins et al. (2013). 
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depth (Gleixner, 2013), and would thus be expected to show large deviations from surface 
erosion sources. Additionally, the isotopic signature of the carbon is expected to vary with depth 
due to differences in contemporary and historical CO2 isotope signatures. Mineralization and 
humification decomposition processes have been suggested as a factor contributing to an 
observed enrichment of SOM 13C signatures of 3.5-4.0‰ with depth (Desjardins et al., 2013). 
The change in corresponding δ13C values with depth can be seen in Figure 2.8 (right image). 
This information suggests that, although much lower in abundance, tracers from channel banks 
may be obtained using large enough sample sizes that reflect the historical record of the channel 
bank rather than the contemporary signature found at the surface. 
2.6.4 Soil organic carbon: a dynamic environment 
The dynamic and non-uniform nature of soil complicates the estimation of SOC stocks. Some 
studies have attempted to capture the variability of SOC at differing scales and the associated 
uncertainty, including the field scale (Cambardella et al., 1994; Conant and Paustian, 2002; 
Conant et al., 2003; Goidts et al., 2009)—a scale that applies in determining sediment sources for 
the CSSI approach if land use types are to be distinguished. The following equation has been 
used thus far in most CSSI work (Gibbs, 2008) (Equation 2.2): 
% sourcen=
ቀIn %Cnൗ ቁ
∑ ቀIn %Cnൗ ቁin
×100 Equation 2.2 
In the above equation, In is the mean feasible proportion of source n in the mixture as 
estimated from isotopic values by the unmixing model, and %Cn is the % carbon in the source n 
soil. The explanation for using TOC of the soil is that losses due to biodegradation for either the 
FA or TOC signal do not affect soil proportions, as carbon may be transformed, but not lost. 
Estimation of soil proportions based on TOC and its variability will thus have an impact on the 
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apportioning of soils using Equation 2.2. Table 2.2 provides a brief summary of the coefficient of 
variation (CV) for SOC based on various sampling conditions. 
The high degree of variability as represented by the %CV in Table 2.2 suggests an alternative 
approach to using TOC as a means of apportioning soil may be necessary in Equation 2.2. The 
quantitative use of VLCFAs may reduce the variability in soil apportioning as the main source of 
VLCFAs in a watershed is of plant origin and, for chain lengths of C24 and above, chiefly from 
the aerial portions of plants.  
Bowman et al. (2002) examined the %CV associated with laboratory analyses using three 
different methods: loss on ignition (LOI), C-N gas analysis, and a modified Walkley-Black (WB) 
method. The %CV of the samples for all three approaches varied between 0.6 and 4.1%, with the 
majority of the samples below 3%. The authors found that the three methods were not 
statistically different; however the WB and LOI methods tended to underestimate the SOC 
values. Sutherland (1998) reported %CVs for OC in sediment, dependent on grain size, of 0.9 to 
2.8% using dry combustion; the %CVs for estimating OM (which then requires a conversion 
factor to OC) ranged from 3.9-12.1%. Further errors may occur if inadequate steps are taken to 
determine the presence and removal of inorganic carbon, primarily in the form of carbonates 
(Harris et al., 2001). 
Table 2.2. Various sampling regimes to determine TOC of soils and associated coefficients of variation (CV). 
Site type Design Configu
rations 
CV  Conclusion Reference 
Forest converted to pasture 
Forested 




no. of cores)  
2 x 9 
3 x 6 
6 x 3 
9 x 2 
13-24%  CV based on 18 cores total per sampling. 
2 x 9 layout had the highest %CV. 
6 x 3 and 9 x 2 had the lowest. 
Recently converted forest to pasture had 
highest CV. 




Cultivated (TN) As above 3 x 6 9-21% CV is between cores of same microplot (i.e. 
six cores). 
(Conant et al., 
2003) Forested (TN) 5-23% 
Forested-old growth (WA) 10-89% 
Forested-second growth (WA) 20-96% 
Cultivated (tilled) 
 








CV reported on field scale. 
SOC variability between fields due to 
intrinsic (e.g. soil type) and extrinsic factors 
(e.g. crop production practices), and 
temporal variability (spring (tilled) vs. fall 
sampling (no-till)). 
(Cambardella 
et al., 1994) 
Cultivated (no-till) 22% 
(n=72) 
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Microbial degradation of SOC results in the release of CO2. Changes in TOC cannot easily be 
controlled for from the time a sample is acquired until microbial activity is halted. Furthermore, 
TOC levels may change due to volatile organic carbon (VOC) release, a process that may occur 
during the drying process. Cattle manure application to fields for fertilization purposes leads to a 
large input of OM, some of which is quite volatile, and many of the VOCs are due to the 
decomposition processes undertaken by bacteria (Woodbury et al., 2013). Blake et al. (2012) 
recognized the application of manure may have affected isotopic labelling of the soil when using 
FAs as tracers in their study. Indeed, Alewell et al. (2016) have suggested using only VLCFAs 
both as tracers and quantitatively for soil apportioning, as their study suggested using SOC 
overestimated forest contributions to sediment by as much as 13%. A modification of Equation 
2.2 has thus been provided that reflects using FA concentrations: 
% sourcen=
ቀPn %FAnൗ ቁ
∑ ቀPn %FAnൗ ቁin
×100 Equation 2.3 
In Equation 2.3, Pn is the proportion of soil n resulting from the unmixing of FA signatures 
and FAn is the sum of the concentrations of FAs used for discrimination in the soil according to 
Alewell et al. (2016). 
Although the inputs of VLCFAs other than of plant origin are expected to be minimal for 
fields, areas within a watershed may have variable VLCFA inputs due to grazing livestock and 
subsequent dung deposits. Investigation of the stable isotopes of organic molecules in dung 
based on the diet of cattle (e.g. C3 vs. C4) has been performed (Dungait et al., 2010). The authors 
found bulk C3 dung to have a value of -25.6‰ and bulk C4 dung to have a value of -15.4‰, 
which was applied to a C3 soil with a value of -27.9‰. The study highlights the need to consider 
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the effects of manure application in agricultural settings or dung deposits where cattle pathways 
exist, and the possible impact on the isotopic signature for both 13Cbulk and CSSI values. 
2.7 Reducing uncertainty during sample handling and analysis 
The implementation protocols for CSSI fingerprinting is still in its infancy. The following 
section suggests methods to be used when working with CSSI fingerprinting and examines 
sources of uncertainty in the analysis of soil and sediment. By recognizing sources of variability, 
and propagating the corresponding uncertainty associated with each step of the analysis, the 
outputs produced by unmixing models such as MixSIAR will be more robust. 
The suggested procedure for processing soil and sediment samples is as follows: (i) 
preparation of samples for extraction (e.g. includes storage, drying and sieving); (ii) 
disaggregation of samples prior to extraction to improve FA recoveries; (iii) extraction of 
samples; (iv) purification; (vi) derivatization of FAs to fatty acid methyl esters (FAMEs); (vii) 
analysis by gas chromatography-flame ionization detection (GC-FID; quantitative) and 
GCCombustion-IRMS (GCC-IRMS; isotope ratios). 
2.7.1 Storage and pre-extraction processing 
The degradation of OC by microorganisms, oxidation by the air (autoxidation) and 
decomposition over time (release of CO2) is typically inhibited by using some form of cold 
storage prior to drying samples (Schutter and Dick, 2000; Banowetz et al., 2006; Gibbs, 2008; 
Hancock and Revill, 2013). No information specifically addressing the storage conditions for 
VLCFAs could be found in the literature. Most available information was with respect to PLFAs. 
Phospholipid FAs tend to be short- to mid-chain FAs, which have been shown to be 
preferentially degraded by microorganisms (Wiesenberg et al., 2012). A change in the FA profile 
during storage will thus lead to a change in the isotopic signature for a panel of FAs. An analysis 
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of PLFAs under various storage conditions determined that the fewest changes in the FA profile 
occurred at the lowest storage temperatures for moist soils (Schutter and Dick, 2000). Changes in 
the profile included the disappearance of various saturated FAs followed by the emergence of 
unsaturated FAs, along with autoxidation of FAs, and a potential loss in the number of detectable 
FAs (Schutter and Dick, 2000; Liu et al., 2009; Wu et al., 2009).  Storage at colder temperatures 
(e.g. -70°C) in addition to freeze drying samples may aid in overall lipid preservation, but losses 
and changes in the PLFA profile over time have been reported to occur; however, changes in the 
profile were more strongly correlated with soil type than with storage conditions (Schutter and 
Dick, 2000; Wu et al., 2009). Not enough information could be found to determine the effects of 
storage on VLCFAs and the potential for changes in the soil profile. The recommendation with 
the current state of knowledge, at a minimum, is to take steps that reduce the degree of microbial 
activity in the soil during storage, such as freezing to a minimum of -20°C. 
2.7.2 Extraction of lipids and isotopic fractionation 
Obtaining lipids from samples is usually performed through some method of extraction. 
Typical methods include the Bligh and Dyer method (White et al., 2009), soxhlet extraction 
(Bull et al., 2000; Wiesenberg et al., 2004a; Jansen et al., 2006), shaker method (Wu et al., 
2009), supercritical CO2 (Quénéa et al., 2012), and pressurized solvent extraction (PSE; also 
known as accelerated solvent extraction (ASE) and Pressurized Liquid Extraction (PLE)) 
(Richter et al., 1996; Wiesenberg et al., 2004a; Gibbs, 2008; Blake et al., 2012). Although 
literature exists that addresses the efficacy of the various extraction methods (e.g. solvent 
combinations (Jeannotte et al., 2008; Quénéa et al., 2012), temperatures (Quénéa et al., 2012), 
the use of additives, (Mustafa and Turner, 2011)), with consistent and reliable recovery 
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important, the focus here is the consequence of a particular method on the isotopic fractionation 
of the extracts. 
Literature specifically addressing FAs and isotopic fractionation due solely to a variety of 
extraction methods is somewhat scarce. Graham et al. (2006) investigated the effect of soxhlet, 
sonication and PSE on 13C isotope values in the extraction of PAHs from soils. Although slight 
differences were observed in unpurified PAHs, the extraction methods were considered 
statistically equivalent; the largest difference was attributed to the clean-up procedures used on 
the PAHs, where the PSE method provided the best results. The improved results for the PSE 
method was attributed to fewer unwanted co-extracts during the extraction procedure, and thus 
better peak separation by GC for IRMS analysis. Reproducibility of the results was determined 
to be better for the PSE method than by traditional soxhlet. The use of PSE has been suggested to 
be more efficient during the extraction process at penetrating the fine pores of soil aggregates 
due to higher temperatures and pressures used when compared to ultrasonic extraction 
techniques or unpressurized soxhlet extraction (Wiesenberg et al., 2004a). These results suggest 
that the extraction method is less important in terms of isotopic fractionation, but needs to be 
optimized to allow for adequate purification. 
2.7.3 Purification 
The complex extract that is obtained from soil and sediment samples varies in the amount and 
selection of organics that may be detected. Baseline separation of all peaks for CSSI analyses is 
required, and thus purification is a prerequisite for such analyses (Wiesenberg et al., 2004a; 
Graham et al., 2006). Even on a specialized GC column, (e.g. BPX-70 column that is specific to 
FAME with a high degree of resolution targeted at FA isomers), hidden peaks may be present. 
The complete overlap of hidden and desirable peaks will result in incorrect isotope ratios during 
- 62 - 
 
IRMS analysis (Meier-Augenstein, 2002) (Figure 2.9). Purification on a column such as silica 
treated with KOH will selectively retain the FAs while allowing many of the unwanted organics 
to pass through (Radke et al., 1980; Willsch et al., 1997). Additionally, prior to GC-FID and/or 
GCC-IRMS analysis, extracts should essentially appear free of colour, as colour likely indicates 
the presence of chlorophylls, which will reduce the performance of the GC due to a buildup of 
residues in the inlet or the column head. Chlorophylls can typically be removed by filtration 
through standard silica gel (e.g. silica gel loaded on a Pasteur pipet) using DCM as the solvent. 
2.7.4 Derivatization of FAs to FAMEs 
Isolated free FAs are derivatized to the corresponding FAMEs in order to overcome some of 
the difficulties encountered during GC analysis due to the polarity of the carboxylic acid 
functional group. A review on FA analyses by Brondz (2002) will provide the reader with an 
overview of some 
common 
derivatizations that 
lead to the 
corresponding 
FAMEs. A methyl 
ester for the purpose 
of 13C analysis is the 
preferred method of 
derivatization, as 
only one additional 
carbon center, and 
Figure 2.9. Chromatogram a) illustrates the VLCFAs, as FAMEs, as determined by 
GC-FID (BPX-70 60m column), after purification. Chromatogram b) 
shows the column eluent that was collected after retention of the FAs 
(unpublished data). Note: FAs were retained using thermally treated 
(TT) silica (El Rassi et al., 1976) combined with potassium hydroxide 
(KOH) after passing through TT neutral silica and TT acidic silica 
(Radke et al., 1980; Willsch et al., 1997). Standards of several 
concentrations (C22:0 & C30:0 FAs) were run to ensure that retention of 
FAs was near quantitative. The results indicate overlap of FAME peaks 
with unwanted signals, such as for C22:0 FAME (retention time (rt) 
37.110 min) and C30:0 FAME (rt 53.510 min). Note the peak pattern in 
a) that is typical of GC-FID analysis of FAMEs from soil extracts. 
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its respective isotopic ratio, is introduced into the FA as a FAME. Upon IRMS analysis, the 
FAME is analyzed and, as such, the generated isotopic value needs to be adjusted using the 
following formula to account for the addition of the methyl group (Abraham and Hesse, 2003): 
δ13CFA ൌ δ
13CFAME-ሺ1-Xሻδ13Cmethyl
X Equation 2.4 
where X is the fractional contribution of the free FA to the methyl ester (e.g. 22/(22+1) for a FA 
of 22 carbons); δ13Cmethyl refers to the δ13C value for the added methyl group; δ13CFA refers to the 
δ13C value for the free FA; δ13CFAME refers to the δ13C value of the same FA when methylated. 
Note that solving for δ13Cmethyl will provide the correction factor. The correction factor may be 
determined by analyzing multiple samples of pure, analytical standard free fatty acid, and 
performing the same procedure with the methylated version (e.g. by elemental analysis (EA)-
IRMS). Note that this procedure would need to be performed on each batch of methylating agent 
used. 
Two common methods of derivatization to FAMEs include BF3-MeOH and diazotization with 
diazomethane. Both of these are discussed in Brondz (2002) from a chemical perspective. From 
an isotope fractionation perspective, BF3-MeOH reactions occur rapidly and quantitatively and 
no isotope effect would be expected at the carbonyl position that could affect 13C values (Rieley, 
1994). Note that any acid-catalyzed (e.g. BF3, H2SO4, HCl) methylation may lead to 
transesterifcation (Ruess and Chamberlain, 2010), and strong acids such as H2SO4 may cause 
oxidation of unsaturated FAs at elevated temperature. A commonly used one-step 
transesterification method using acetyl chloride and a benzene-methanol mixture revealed that 
when elevated temperatures (100°C) were used in the methylation process, unwanted peaks due 
to possible side reactions were evident in the chromatogram, with an overestimation of C16 FAs 
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(Xu et al., 2010). The authors found that transesterification at room temperature did not lead to 
additional peaks. 
Diazotization involves the transfer of a carbon center which may be part of the rate limiting 
step, thereby resulting in observable isotopic fractionation. Derivatization by silylation 
(trimethylsilyl; TMS) offers the advantage of a non-carbon center being involved in the 
esterification and avoids fractionation issues, but introduces three carbon centers into the 
molecule with varying 13C ratios, which is generally undesirable (Meier-Augenstein, 2002). 
Consequently, it is important to understand the mechanism of esterification as well as understand 
the potential sources of isotopic fractionation (Rieley, 1994; Meier-Augenstein et al., 1996). 
2.7.5 Isotopic fractionation during GCC-IRMS analysis 
Although there are many factors which could potentially affect the isotopic signatures of 
FAMEs during GCC-IRMS analysis, only a few points that users of IRMS services are in control 
of will be discussed here. Ideally, standard operating procedures (SOPs) will need to be adopted 
for sample preparation and the use of a single lab for IRMS analysis is preferred (Ruess and 
Chamberlain, 2010). 
From the researcher’s perspective, perhaps the most important contribution that can be made 
to obtaining reliable data is consistency in sample preparation and undertaking adequate 
purification steps. Peak determination during GC-based separations is performed by the GC- (or 
IRMS) related software. The better the separation of peaks, the more reliably the software is able 
to determine the peaks. The chromatographic isotope effect has been used to explain differences 
in isotopic ratio between the front and tail of a peak, with no discernible change in peak shape, 
with the heavier isotope eluting first due to lower molar volumes as a result of shortened bond 
length and, consequently, increased bond strength for the heavier isotope (13C) (Meier-
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Augenstein, 2002). Good separation and high purity of the unknown FAME-containing sample is 
thus important so that the IRMS software is able to properly determine peak starts and ends. A 
difference in where the software selects these points may or may not lead to significant 
differences in the evaluation of δ13C by the software. 
2.8 Summary and conclusions 
Several sources of variability contributing to the isotopic ratio of 13C:12C in biomarkers (with 
a focus on FAs) as applied to soil and sediment tracing using CSSIs have been identified. The 
major sources were identified as: (i) biological; (ii) environmental; and (iii) analytical. While 
biological and environmental sources of variability cannot necessarily be controlled for—and, in 
fact, may contribute positively to the uniqueness of a biomarker—this type of variability must be 
taken into consideration when planning sampling regimes and accounting for spatial and 
temporal variability found within and between similar and differing land uses. A review on the 
production (biochemically) of biomarkers of plant origin has helped to identify the potential 
sources of biological variability and, consequently, addressed some of the questions as to which 
types of FAs (and related compounds) are suitable as tracers. The examination of environmental 
variability may lead to a better understanding of temporal changes in the isotope signatures as 
well. A summary of sources of biological and environmental variability with a list of 
recommendations can be found in Table 2.3. 
Perhaps one of the most confounding sources of variability is the analytical variability. This 
type of variability should be easier to control for than biological or environmental variability, yet 
the very sensitivity of the CSSI analysis is also what contributes to the lack of potential 
discrimination between sediment sources. The uncertainty introduced in the IRMS analysis is 
potentially significant enough to result in differing conclusions of land use and sediment source 
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when dealing with closely related samples (e.g. C3 plant-derived FAs in soils). Clearly, some 
basic procedures to limit this source of variability (e.g. consistent use of lab techniques, 
instrument conditions, calibration and normalization of data) will be beneficial to obtaining 
reliable results. The development of SOPs and appropriate chemical standards in the future will 
allow different research groups to compare inter-laboratory results—something which currently 
should be approached with caution when doing so. A summary of sources of analytical 
variability with a list of recommendations can be found in Table 2.4. 
2.8.1 Recommendations 
Considering the variability of SOC, successful source fingerprinting and tracing of sediments 
requires careful planning in order to capture the natural variability in the landscape as well as 
variability due to land uses, thereby producing representative samples for a particular land use. 
From a practical perspective, capturing all natural variability for a single land use, let alone for 
an entire catchment, is near impossible. Many of the sources of variability identified prior (e.g. 
seasonal, spatial, amount of sunlight, orientation to the sun, tillage) will lead to a potentially 
wide range of CSSI signatures. The literature suggests that often the primary source of sediment 
is from cultivated land i.e. where tillage occurs, as well as from channel bank sources. 
Consequently, strategically placing transects along ephemeral waterways at the field edge for 
cultivated fields will likely provide a signal that is more representative of the entire field than 
any one point in the field at a given time. Certainly, there is a time lag between mobilization of 
sediment during a rain event, for example, and the subsequent degree and extent of deposition 
downstream from the source. Multiple samplings throughout the growing season, as well as the 
period prior to snowfall in colder climates and immediately after the spring freshet will provide a 
clearer picture as to the degree of sediment transport and the extent of mobilization and mixing. 
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Such a sampling regime provides insight into the gradual change in the CSSI soil signature 
throughout the growing season and the extent of variability that can be expected due to natural 
and environmental factors for a given land use. 
It is recommended that further investigation of using a concentration-based approach of 
individual FAs should be performed, with an emphasis on VLCFAs, which are predominately 
plant-derived, considering the high degree of variability in TOC. Proper quantification of the 
VLCFAs is dependent on i) adequate sample sizes used for extraction and disaggregation 
techniques (e.g. release of FAs by sonication) and ii) purification methods that do not result in 
the loss of FAs and provide cleaner samples for GC-FID/C-IRMS analyses. Such an approach 
avoids the use of TOC analysis and 13Cbulk values (Equation 2.2), and may lead to reduced 
standard deviations. 
As Blake et al. (2012) indicated, the use of C16 and C18 FAs (saturated or unsaturated)–while 
abundant and tempting to use as a tracer–may be indicative of a particular land use but not due 
solely to the contribution of plant material. When discerning C3 land use from C4 land use, the 
highly variable and unknown nature of C16 and C18 FAs may be masked by the large difference 
in isotopic signatures between the two plant types; however, when C3 plants are solely 
investigated, for instance, the sources and variability are potentially so enormous that any 
conclusions drawn based on the signature of C16 and C18 FAs need to be questioned. As an 
example, the δ13C signatures found by Blake et al. (2012) were approximately 1‰ or less 
between wheat, pasture, and trees and shrubs for C16 and C18 FAs. Resynthesis by other 
organisms or outside sources of C16 and C18 FAs–both ubiquitous–could easily skew the 
signature. Although many of the signatures of the VLCFAs (e.g. >C24:0) may also be similar 
between differing land uses (e.g. 1 ‰), the sources are primarily of plant origin and are also not 
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as conducive to preferential degradation by microorganisms. As such, the observed variability 
can much more readily be accounted for by examining environmental factors, past land use and 
spatial distribution rather than needing to consider the highly dynamic nature of the soil 
environment due to unknown contributions from non-plant sources. From the perspective of 
selecting suitable FA biomarkers, it is recommended that C16 and C18 be avoided, particularly 
where only C3 plants (or C4 plants) are primarily grown. Generally, C22:0 FAs and above are 
primarily of plant origin, and therefore these biomarkers should be considered more reliable; 
additionally, note that the recommendation is for using saturated FAs. Unsaturated FAs are 
subject to autoxidation and other types of transformation processes due to the points of 
unsaturation. 
Any additional information garnered during the analysis of a particular soil/sediment sample 
that could enhance the CSSI fingerprint is of value. Considering how similar some of the δ13C 
values for VLCFAs in a temperate agricultural setting may be, the addition of 2H isotopes, as 
performed by Cooper et al. (2015), to the CSSI FA fingerprint is of great value. Based on current 
knowledge, the authors believe that a composite approach to fingerprinting is necessary using a 
combination of geochemistry, FRNs, CSSIs and other techniques in order to determine land use-
based sediment sources effectively. 
2.8.2 Perspective 
The use of sediment source tracing and fingerprinting has emerged in the last few decades as 
a technique that can be used to identify the sources of sediment (and associated contaminants) 
eroded from the landscape and delivered to the aquatic system. However, the use of sediment 
source fingerprinting techniques has thus far mostly been implemented as a research tool; in the 
United States, for example, only the state of Minnesota has been reported as having developed a 
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framework for managing sediment load based on the technique (Mukundan et al., 2012). To date, 
most effort has been focused on the use of geochemical, FRN, mineral magnetic and colour 
properties of soil and sediment. Given the limitations of these properties to identify specific land 
use associated with plant and crop types, there is much interest in the use of CSSI fingerprints. 
The use of CSSIs is still a relatively costly procedure (e.g. US $100/sample for GCC-IRMS 
analysis alone, compared to US $5-$30/sample for geochemical analysis), requiring highly 
skilled personnel to analyze the samples, and good laboratory techniques for sample isolation 
and preparation. 
An understanding of the sources of variability, as covered in this review, will aid in improving 
the approach to sampling and biomarker selection for CSSI tracing. Alewell et al. (2016), for 
example have recently noted the importance of using VLCFAs exclusively rather than mid- and 
short-chain FAs, a concept that is strongly supported within this text, and was noted by Blake et 
al. (2012) in an earlier paper. Alewell et al. (2016) also noted that apportioning soil sources 
based on VLCFAs as opposed to TOC may be the more favorable approach for quantifying 
sediment contribution to end-members–a notion that is strongly supported by literature review of 
SOC. Although Cooper et al. (2015) did not use VLCFAs as their preferred biomarker, a 
summary of the VLCFA production pathway, as illustrated in Figure 2.5 and Figure 2.6, support 
the concept of using FA-related compounds as tracers, with the potential of additional tracers, 
such as ketone, alcohol and aldehyde derivatives, possible. Cooper et al. (2015) also 
demonstrated the value of including other tracing parameters, such as additional isotopes, to 
expand the composite fingerprinting technique. 
In most cases, no additional sampling needs to be performed to increase the information 
garnered from a particular soil or sediment sample. Purification techniques, such as the isolation 
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of VLCFAs, consequently isolate additional classes of compounds that are related to VLCFAs. 
The additional classes of compounds are exposed further to potentially unique biochemical 
pathways that alter the carboxylic acid functional group, thereby producing a larger panel of 
unique tracers to be included in an unmixing model. 
More research needs to be performed on the catchment and sub-catchment scale to clarify the 
effectiveness of the CSSI approach to soil and sediment tracing, particularly in temperate 
climates where agricultural crops may show low variability in carbon isotopic signatures 
between differing land uses. Future work should include determining how far downstream from a 
particular set of sediment sources the CSSI approach is able to source apportion. The addition of 
2H isotopic values from VLCFAs, or other plant-associated biomarkers, including FA-related 
compounds, needs to be explored in more depth, and further verification of using quantified FAs 
over TOC for apportioning sources is desirable. 
Recent work in the CSSI soil and sediment tracing field suggests the use of plant-derived 
biomarkers is a viable means of discriminating sediment sources based on land use. In 
conjunction with other tracing techniques, the CSSI approach promises to improve our 
understanding of sediment provenance and budgets. 
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Table 2.3. Summary of some of the sources of biological and environmental variability in the tracing of soil and sediment using CSSIs. Some 
recommendations are provided. 
Sources of environmental and biological variability  
Variability 
source 
Factors affecting 13C: 12C Recommendation to capture variability 











In tilled fields, organic matter, nutrients and moisture tend to 
increase from the top of hill slopes to the bottom, as a 
consequence of runoff and erosion. 
Patterns in the application of manure, weed management, and 
potentially other factors, will affect the FA signal, the 
homogeneity distribution. 
Place transects at sub-watershed outlets to acquire cores; at 
least two cores per point should be taken, and these cores 
homogenized when processing. Sampling of the organic rich A-
horizon (e.g. 12.5 cm) should be performed, particularly for 
tilled fields where top to bottom distribution may vary 
significantly. Edge of field by ephemeral waterways should be 
a priority for sampling if sample numbers are highly restricted. Aspect (orientation 
of slope to sun) 
Photosynthetic 
rate 




Location All factors 
affecting within 
field 
Possible plant type 
See factors above; identical plant types may be affected by 
differing environmental conditions, so discrimination may be 
possible; differences in crop varieties and historical crop 
managements will be reflected in the soil. 
Recommendations as above; biosynthetic pathways vary 
between plant types for VLCFAs, with significant differences 
between C3 and C4 plants. Use of discriminant analysis will 
help to identify the FAs that should be used in unmixing 
models. 
Channel bank Depth Biomarker age The presence of organics is largely restricted to the A horizon 
(uppermost layer), with significant decrease in biomarker 
availability in the C horizon. The age of the biomarker varies, and 
so may 13C: 12C ratios due to historical inputs. 
Depending on the size of the exposed incision points being 
sampled, the number of samples required will vary. Channel 
banks should be sampled lower than the A horizon in order to 
distinguish the bank from the terrain above. Larger sample 
sizes may be necessary due to low OC concentrations with 
multiple samples along a vertical transect taken to reflect the 
channel bank historical vegetation profile. Other tracing 
methods, such as geochemistry, may be necessary to 
complement the CSSI approach. 
In-stream Distance Concentration As the distance downstream from any given source increases, the 
extent of potential sources expands diluting the isotopic signal of a 
given source in the collected sediment.  As well, the potential for 
organic and inorganic material to be introduced into the sediment 
load transported increases as the distance downstream increases 
(deeper incision into underlying geologic materials and more 
prevalent riparian and aquatic plant and animal species). 
The limitations, in terms of distance, that the CSSI technique is 
effective in a highly vegetation-diverse watershed but 
exhibiting low variability in isotopic signature is still unknown. 
Sampling at marked distances downstream from potential 
source sediment sites is required to determine the limitations of 
the technique. 
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Table 2.4. Summary of some of the major sources of analytical variability in the tracing of soil and sediment using CSSIs. Some recommendations are 
provided. 
Sources of analytical variability 
Factor Description Recommendation 
Storage Microbial activity generally increases with 
warmer soil temperatures. 
Degradation is possible by exposure to the 
atmosphere, particularly for unsaturated FAs, 
which may affect desired tracer signals.  
Every effort should be made to keep samples as cool as possible during transport from the field to designated storage 
areas. Storage temperatures of -20°C to -40°C are recommended to decrease microbial activity. Saturated VLCFAs are 
fairly stable molecules and not subject to preferential degradation; however, decomposition of other compounds may 
lead to interference with the VLCFA signal during analysis. Some soils may contain high amounts of VOCs e.g. 
manure application. For this reason alternatives to using TOC for apportioning are suggested e.g. quantification of 
VLCFAs is suggested as an alternative, but still needs to be adequately demonstrated. 
Soil aggregates/ 
sediment flocs 
FAs play a role in soil aggregation, including 
formation of aggregates. 
Disaggregation/deflocculation and mobilization 
of aggregates/flocs in the field is highly variable. 
The amount and degree of aggregates present in the soil sample varies between soil types, treatment of soil (e.g. 
cultivation); therefore the degree of FAs released during extraction may be highly variable. Disaggregation, such as 
sonication, is recommended in order to release the biomarkers and attain uniform particle size as much as possible for 
all soil samples to be extracted. A sonication energy of 450 J/mL is suggested for maximum effectiveness; however, 
for practical purposes, it may not be possible to achieve such high energy inputs. 
Extraction FAs are extracted from soil samples. Fractionation not an issue. The main advantage of PSE over other techniques such as soxhlet extraction is efficiency 
(solvent use, time) and consistency. Additionally, sample size must be considered. Organic-poor soils will require 
larger sample sizes (e.g. ~30 mL or ~20-45 g depending on soil source for PSE) to obtain reasonably good VLCFA 
δ13C signals for most samples, including even and odd-chain VLCFAs. 
Purification Samples are purified to isolate the VLCFAs. Although fractionation is not an issue, correct quantification of FAs as determined by GC-FID requires isolation of 
signals while minimizing the potential for unwanted signals buried underneath desirable signals; the same applies to 
GCC-IRMS. Traditional small scale chromatography is an effective method for isolating free FAs. 
Derivatization of FAs 
to FAMEs 
FAs are generally methylated to FAMEs to allow 
for analysis on the relatively non-polar GC 
columns used in FA analyses. 
Derivatization may lead to isotopic fractionation; producing a data set capturing the error of the derivatization process 
will establish an average contribution by the chosen method. 
GCC-IRMS Unless performing the analysis, most users will 
not be able to control the analytical procedure. 
Adequate sample preparation will aid in 
obtaining reliable results. 
Consistent sample preparation and derivatization are important in obtaining reliable results. Adequate purification is 
essential in obtaining good peak separation and reducing uncertainty due to the chromatographic isotope effect. 
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3 Considerations in the elemental analysis of soil and sediment samples for total and stable 
isotopes of carbon using acid fumigation as a pre-treatment method for carbonates 
3.1 Abstract 
Bulk carbon (%C) and isotope values (δ13C) of soils and sediments are often reported and 
discussed as part of soil and sediment tracing studies involving the use of compound-specific 
stable isotopes (CSSIs). Several studies on CSSIs have relied on %C to source apportion 
sediment mixtures i.e. determine the percentage contribution of a particular source to the 
downstream mixture. Soils may contain inorganic carbonates, which interfere with the 
acquisition of reliable %C and 13C data when the soils are analyzed by continuous flow 
elemental analysis-isotope ratio mass spectrometry (EA-IRMS) for organic carbon content and 
isotope values. One frequently used method in the removal of unwanted inorganic carbonates 
involves exposing samples to HCl fumes, which requires the use of Ag capsules rather than the 
standard Sn capsules for in situ treatment. 
Samples were collected from the South Tobacco Creek Watershed (STCW) in Manitoba, 
Canada. Elemental analysis of samples in standard Sn capsules indicated the presence of 
inorganic carbonates by more positive than expected δ13C values. Acid fumigation using Ag 
capsules was selected as a pre-treatment method due to the large number of samples to be 
analyzed. The use of Ag capsules led to combustion issues with the EA, and lower %C values in 
the calibration of an in-house standard were observed. Wrapping of the Ag capsules in Sn 
alleviated the issues. Use of the fumigation and Sn-Ag method led to a negative bias in %C 
compared to analysis in Sn, but appeared to have had minimal effect on mean δ13C values, 
although greater variability was observed. Results on the calibration of in-house 13C standards 
and analysis of soil and sediment samples using Sn, Ag, and the Sn-Ag method are discussed. 
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Possible implications on soil apportioning using %C in the context of soil and sediment tracing 
are presented with respect to the use of Sn capsules and the Sn-Ag capsule combination. 
3.2 Introduction 
A standard approach to analyzing soil and sediment samples for total carbon (TC), total 
inorganic carbon (TIC) and total organic carbon (TOC) involves combustion and quantification 
of samples via an elemental analyzer (EA). Additionally, if stable isotope data are desired, 
concurrent δ13C and/or δ15N data may be acquired by interfacing the EA with an isotope ratio 
mass spectrometer (IRMS). For TC data, the unadulterated, dried sample is usually transferred to 
tin (Sn) capsules and combusted at approximately 980-1050°C. For TOC data, if carbonates 
(CO32-) are believed to be present, acid treatment is usually applied to convert the carbonates to 
CO2. The difference between the TC and TOC values may then be used to determine TIC values. 
The degree of error associated with %C and 13C values with acid pre-treatment has been shown 
to vary considerably depending on the type of acid treatment and sample composition (Brodie et 
al., 2011). Despite a dependency on composition, the possibility of identifying a systematic bias 
in sample pre-treatment may aid in establishing correction factors to counter systematic errors. 
The sample type dependency identified by Brodie et al. (2011) may also extend to soil type 
characteristics, such as mineral content (clay, sandy, loamy) and particle size. 
Several authors have discussed the advantages and disadvantages of the various acid 
treatment methods for removing inorganic carbon (IC) and the effects on δ13C, δ15N, %C 
and %N determination (Brodie et al., 2011; Harris et al., 2001; Komada et al., 2008; Ramnarine 
et al., 2011; Walthert et al., 2010; and references therein). Approaches have included various 
types of acids and treatment methods, such as: acid washing; aqueous acid treatment within the 
capsule; and acid fumigation. While there is some debate as to which method is most effective 
- 88 - 
 
and generates reliable data based on factors such as sample size, composition, origin, and length 
of treatment, in all cases treatment likely improves the %C values, where substantial amounts of 
inorganic carbonates are present, and δ13C values, even where small amounts of carbonates are 
present. 
The findings we present here are the results of a soil and sediment tracing project in which 
bulk %C and bulk carbon isotope values are usually included as part of the data (Alewell et al., 
2016; Blake et al., 2012; Brandt et al., 2018, 2016; Cooper et al., 2015; Gibbons, 2010; Hancock 
and Revill, 2013; Mabit et al., 2018). Bulk isotope values have been investigated as a means of 
differentiating sediment sources based on land use and associated organic carbon (OC) inputs. 
Bulk OC concentrations (%C) have been used to determine the percentage contribution of each 
source sediment to the downstream mixture, a procedure often referred to as source apportioning. 
The %C values have been used as a proxy for fatty acid (FA) concentrations, which assumes a 
relationship between FA concentrations and %C exists. The concentrations, whether %C or FAs, 
are used to assess the amount of sediment being mobilized. In this context, obtaining reliable and 
representative %C data is desirable. 
Bayesian unmixing models are used with tracer information based on compound specific 
stable isotope (CSSI) data. For instance, the FAs may be extracted from a particular source soil 
and analyzed for δ13C values for each of the FAs of interest. This may be performed on several 
source soils. Mixture data are fed into the unmixing model (e.g. MixSIAR), along with isotope 
data for each of the tracers corresponding to a particular source. The model produces a 
probability distribution according to the isotope data, indicating which source or sources are the 
major contributors to the mixture. The probability distribution values are then used with a source 
apportioning equation that allows for attributing a quantitative aspect to the isotope data. The 
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overall objective is to determine the major sources contributing to downstream sediment; 
consequently, accuracy is desirable, but errors of a few percent would not be expected to 
significantly affect the interpretation of identifying major sediment sources in most cases, an 
assertion which is supported by the error analysis regarding soil apportioning in this manuscript. 
Samples analyzed from the STCW have been used to illustrate the potential impact on source 
apportioning outcomes and subsequent conclusions based on EA analysis of source soils in Sn 
capsules versus acid treatment followed by analysis in Sn-Ag capsules using a probability 
distribution as determined by MixSIAR. Additionally, an examination of the soil apportioning 
outcomes using the Sn-Ag method and soil sources that exhibited a high degree of variability 
when analyzed multiple times was also performed. 
Our study involved the analysis of 327 unique soil samples that were acquired over a two-year 
period and included six sampling dates. Analysis was performed for %C and δ13C values by 
continuous flow EA-IRMS. The initial sampling period consisted of 65 unique samples using Sn 
capsules, as the samples were expected to be low in inorganic carbonates. The majority of the 
samples originated in five cultivated and tilled fields that had been planted with C3 agricultural 
crops over multiple years preceding the sampling dates, and thus δ13C values characteristic of C3 
vegetation were expected for the soil samples. For reference, the average δ13C value for C3 
vegetation has been reported as -27‰; in contrast, the average for C4 vegetation has been 
reported as -13‰ (Glaser, 2005; O’Leary, 1988). Furthermore, crops within the fields were 
topographically separated, based on hill slope position, to further decrease the mixing of OC 
from adjacent fields by means of hydrological processes. No application of fertilizer (e.g. 
additional organic sources) nor irrigation occurred. Using this sample design, a certain degree of 
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homogeneity in the isotope values between different samples originating from the same field was 
anticipated. 
Inorganic carbonates were suspected in some of the samples due to δ13C values that were 
much more positive than the expected average for C3 vegetation. Aqueous methods of acid 
treatment have been investigated for the purpose of carbonate removal (Brodie et al., 2011; 
Komada et al., 2008) and have been used in treating samples for bulk carbon analysis in tracing 
studies (Brandt et al., 2016; Mabit et al., 2018). However, considering the number of samples 
involved, acid fumigation was selected initially following procedures based on Harris (2001) and 
Walthert (2010). All samples were eventually acid fumigated in Ag (silver) capsules followed by 
wrapping in Sn (tin) capsules, referred to as the Sn-Ag capsule method hereafter. 
Due to the corrosivity of strong acids on Sn capsules, Ag capsules are used for in situ 
acidification because of higher resistivity toward strong acids. The high melting point of Ag 
(961°C) relative to Sn (242°C) has been indicated as a possible source of variability when 
analyzing samples for %C and 13C (Brodie et al., 2011), which was suggested to be a result of 
thermal transfer issues during combustion in the EA. Difficulties in calibrating the in-house 
isotope standards to international standards in Ag capsules with the observance of irregular or 
poor peak shapes and significant peak tailing in the resultant CO2 chromatograms led to the 
eventual use of the Sn-Ag combination. 
Brodie et al. (2011) reported the observed effect on δ13C values and %C values of various 
types of acid treatment using Ag and Sn-Ag capsules on soil and sediment samples, including the 
variability of the method. Included in the data presented by Brodie et al. (2011) was the analysis 
of a soil standard fumigated using conditions similar to ones used here. Fumigation using 
concentrated hydrochloric acid (HCl) and analysis in Ag capsules of the soil standard resulted in 
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high variability in %C values, with mean %C values slightly lower than the expected value; low 
variability in δ13C values was observed with no effect on the average δ13C value. For the Sn-Ag 
combination, low variability was observed in %C values, with the average %C value higher than 
that determined in Ag capsules, but still slightly lower than the expected value; δ13C values were 
low in variability, but the average was also lower than the expected value. 
Given the range of treatments described above, the objectives of this study were to determine 
if: (i) capsule type (Sn, Ag, Sn-Ag) had an effect on the δ13C and %C values and the associated 
analytical variability in the calibration of in-house standards; (ii) differences in δ13C and %C 
values existed that were capsule- and soil-type dependent; (iii) evidence of a bias existed in the 
determination of δ13C and %C values when using the Sn-Ag capsule combination on non-
carbonate containing samples of two different soil types; (iv) the error associated with %C 
determination would be substantial enough to affect the outcome in a source apportioning 
application with respect to the CSSI technique. 
3.3 Materials and methods 
3.3.1 Sample sources and background information 
Soil samples were collected to a depth of 12.5 cm as part of a larger project investigating the 
use of CSSIs as tracers of soil erosion and sediment transport in watersheds (Reiffarth et al., 
2016); a subsample (~2 g) was used for EA analysis. Samples were collected in the South 
Tobacco Creek Watershed (STCW) southwest of Winnipeg, Manitoba, Canada, and were a 
combination of cultivated, tilled field and riparian zone samples. Due to tillage and hillslope 
location, field samples varied in soil profiles. Upper slope samples were predominately B and C 
horizon soils, whereas lower slope (edge of field) samples were in part a combination of A, B 
and C horizon due to tillage and progressive down-slope movement of soils. Riparian soil 
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samples were predominately A horizon. The O horizon, where present, was not included as part 
of the sample. The term “soil type” hereafter differentiates the field samples from the riparian 
samples, with the field samples containing substantially more clay, based on texture and colour, 
with lower carbon content, and the riparian samples having high carbon content and very little 
clay material. Sediment samples were collected as surface scrapes from ephemeral flow paths 
where deposition of mobilized soils had occurred. 
The soils in the STCW were classified as Gray Chernozems (Tiessen et al., 2010). The steep 
slopes that were mostly wooded and unsuitable for cultivation directly surrounding the South 
Tobacco Creek were classified as a Regosol (Hope et al., 2002; Liu et al., 2015). Most of the 
cultivated field samples were taken from one or more transects within a field, with the transect 
extending downslope into lower lying riparian areas. As such, similarities were expected in δ3C 
values for the tilled, cultivated fields as field boundaries for a particular field had been the same 
for at least the previous five years. 
Most samples had been dried for 48 hours at 60°C; a few had been dried at 105°C. Due to the 
large sample sizes required for CSSI work, including duplicates, (100-200 g), the samples were 
lightly ground in a mortar and pestle, after the removal of noticeable organic material, coarse 
gravel and larger stone fragments, to separate the soil particles into their separates. A small 
amount of fine root material remained in some samples as complete removal was impractical; 
however, for the purpose of EA analysis, the fine root material, if visible, was removed. Samples 
were sieved to 850 microns and EA samples were stored in 2-mL conical centrifuge tubes. Dried 
samples were kept in the fridge, but were put in an oven at 60°C to dry overnight prior to use. 
Replicate analyses of samples were performed on the same batch that had undergone the same 
procedure for drying, grinding and storage, restricting variability to post-drying and grinding 
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procedures. Samples that were prepared for EA but not run immediately in a batch were kept in a 
desiccator with active desiccant. 
3.3.2 Sample handling for EA analysis 
Sample masses were weighed to an accuracy of 0.001 mg using a Sartorius microbalance. 
Sample masses ranged from ~1.2 mg for organic-rich sediment samples to ~11 mg for mineral 
samples. Samples were weighed in either Sn or Ag capsules; non-treated samples were weighed 
in Sn, while fumigated samples were weighed in Ag capsules (8 x 5 mm, Microanalysis). 
Samples were run using the same batch of Ag and Sn capsules as a best practice. 
All soil samples prepared for fumigation were placed in a titer tray. Additional empty Ag 
capsules were included for adding blanks, calibration curve, isotope and quality assurance (QA) 
standards (for quantitative purposes). Double deionized water, which met ICP-MS conductivity 
standards, thereby indicating low dissolved ion content, was added to all Ag capsules, including 
empty ones, with amounts ranging from 50-75 µL initially, depending on sample amount and 
texture. Later, all samples were treated with 75 µL as this appeared to ensure more complete 
carbonate removal. A glass desiccator with ceramic insert held the titer tray; the desiccator was 
free of lubricants and desiccants, and thoroughly cleaned and dried to remove any trace 
contaminants. About 80 mL of trace metal analysis grade HCl was added in a 100-mL beaker 
and placed in the desiccator. The desiccator was covered with the vent left open in a fume hood. 
A fumigation time of 6 hours did not appear to be adequate for some of the more carbonate-rich 
samples; average fumigation time was 9-9.5 hours, with a few carbonate-rich samples being 
fumigated for 12-16 hours. 
When fumigation was complete, the lid of the desiccator was removed along with the 
remaining acid. The samples were allowed to dry in the fume hood to prevent corrosive fumes 
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from damaging the drying oven, and then placed in an oven at 60°C for 24 hours. Once dry, the 
Ag capsules were rolled; the capsules that had been fumigated for longer periods of time were 
considerably more brittle and in some cases broke, therefore requiring reprocessing. For the Sn-
Ag combination, the rolled Ag capsules were placed inside Sn capsules that originated from the 
same batch of Sn capsules. The Sn capsules were folded around the Ag capsules. Blanks were 
treated identically; standards (calibration curve, QA, and isotope) were added to the Ag capsules 
after drying, with Sn capsules folded around the standard-containing Ag capsule. 
3.3.3 EA-IRMS instrument parameters 
Bulk carbon δ13C values and composition data (%C) were obtained using a Costech 4010 
CHNSO analyzer coupled to a Delta V Advantage continuous flow IRMS (Thermo Fisher 
Scientific) interfaced with a ConFlo IV. The combustion oven was set to 1000°C, with the 
reduction oven at 650°C. The combustion chamber was packed according to the manufacturer’s 
recommendations for N/C/H analyses using a combination of chromium oxide and silvered 
cobaltous/cobaltic oxide. The ash trap contained a small amount of chromium oxide to aid in 
combustion. The reduction reactor was packed with copper wires. Magnesium perchlorate was 
used in the moisture trap. A two-meter GC column was installed with the GC oven set to 45°C. 
Helium 5.0 was used as the carrier gas and research grade oxygen for combustion. 
Daily tuning of the IRMS system for stability and linearity was performed. Isodat 3.0, the 
software supplied by Thermo Fisher Scientific, was used to acquire isotope and %C data 
concurrently. Although the thermal conductivity detector (TCD) on the Costech EA could 
simultaneously acquire the combustion data using the accompanying Clarity software (Costech-
supplied EA software), issues with correctly triggering the start of sequences in Clarity made it 
necessary to rely on Isodat for quantitative data acquisition. 
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The ConFlo IV allows for the dilution of the sample signal from 0-~99%, making it possible 
to combust larger samples and analyze part of the CO2 stream for quantitative and isotopic 
purposes. Sample dilution settings for the ConFlo IV were regularly verified using urea as per 
the manufacturer’s recommendations. Dilution settings were needed to account for differences in 
response by the IRMS to blanks (zero dilution), samples (80-83% dilution), and calibration curve 
standards (95-96% dilution). 
The working gas was CO2 with a grade of 4.5. Two high-purity reference pulses of CO2 gas 
were introduced at the beginning of each run with an approximate amplitude of 6 V. Isotope and 
QA standards were run before and after every batch of 10 samples. The QA standard used was 
atropine, while the in-house calibrated isotope standards used were sucrose and NaOAc. 
Duplicate and triplicate analyses were performed on selected samples. Samples were also run 
between batches to track inter-batch variability. 
3.3.4 Blank determination for %C and δ13C 
Blanks were run for each analysis type i.e. Sn blanks for Sn analyses, acid fumigated Ag 
blanks for Ag analyses, and acid fumigated Ag capsules wrapped in Sn for the Sn-Ag 
combination. Three blanks were included per batch. Blank determination was necessary for both 
isotope and quantitative data. Raw peak areas of blanks determined at zero percent dilution were 
recalculated to reflect peak areas at the maximum dilution setting that was used for the 
calibration curve. The average of the adjusted blank peak areas were subtracted from each of the 
quantitative calibration standards. All calculations were performed in Microsoft Excel, as there 
was no option in Isodat 3.0 to remove unwanted blanks from the data set. 
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Isotope values had to be blank corrected to take into consideration the various dilution 
settings used in the analysis. Raw delta values were blank corrected on a Microsoft Excel 
spreadsheet using the following formula (Equation 3.1; Gelwicks and Hayes, 1990): 
δ C13 = δsAs-δBABሺAs-ABሻ Equation 3.1 
where the subscripts refer to the sample (‘S’) and blanks (‘B’), δS and δB refer to the raw δ13C 
isotope data and AS and AB to the peak areas. The spreadsheet-based calculations for isotope data 
were in agreement with the results provided by Isodat for runs in which all blank values were 
considered valid. 
3.3.5 Calculation of %C values 
Calibration curves were created using four atropine EA standards (70.54% C), ranging in 
mass from ~0.105 mg to 1.6-1.8 mg. The Conflo IV dilution setting used was between 95-96.2%, 
which ensured the amplitude of the peaks (mass 44) fell within the linear range of the IRMS.  
A quadratic fit was used for the calibration curve in the determination of sample %C values 
using the blank-adjusted four atropine standards. Ohlsson and Wallmark (1999) suggested not all 
CO2 responses are linear and that fluctuations occur, and thus a quadratic fit is most appropriate. 
Samples were measured with the dilution setting at ~80-83%; the atropine standard, which was 
run every 10 samples, was used to adjust the dilution setting to account for instrument drift. 
Samples were run within the linear range of the IRMS, with raw peak areas recalculated to areas 
based on the maximum dilution setting. The values were then multiplied by a factor to center the 
peak area within the calibration curve, the %C calculated, and then divided by the same factor to 
obtain the %C values. 
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3.3.6 Determination of δ13C values 
The majority of samples were run using in-house sucrose (n=6, [δ13C -12.02±0.09]‰) and 
NaOAc isotope standards (pre-dried and ground; n=6, [δ13C -36.71±0.04]‰) that were calibrated 
to International Atomic Energy Agency (IAEA) IAEA-CH-6 sucrose (δ13C -10.45‰) and 
National Institute of Standards and Technology (NIST) RM 8545 LSVEC (lithium carbonate, 
Li2CO3; δ13C -46.6‰) standards. The in-house isotope standards were re-calibrated at a later date 
for some samples that needed to be re-run (values provided in Figure 3.2). The error associated 
with the calibration of the in-house standards was less than the 0.1‰ comparable to standards 
reported in the literature (Grassineau, 2006; Pye et al., 2006; Zhang et al., 2012). 
Calibration of the in-house standards was performed by analyzing six samples of each 
standard in the appropriate capsule type. The standards were run using the appropriate capsule 
type method i.e. Ag capsules were acid fumigated, and then standards placed inside, post-
fumigation. All measurements were blank-corrected to the appropriate dilution setting, as per the 
method previously noted. The in-house calibrated sugar and NaOAc samples were run at a ~57% 
dilution setting, and bracketed by an IAEA sucrose standard and a NIST LSVEC standard. The 
LSVEC standard was run at a zero percent dilution setting. 
The blank-adjusted raw isotope values were converted to the V-PDB scale by using a two-
point normalization (Paul et al., 2007; Rumpelmayr et al., 2011). Two anchor points for the low 
isotope (NaOAc) and two anchor points for the high isotope (sucrose) values were used. Each set 
of 10 samples was converted to the V-PDB scale in this manner. 
3.3.7 Statistical methods 
The R statistical package (R Core Team, 2017) using the RStudio environment (RStudio 
Team, 2016) was used for running t-tests (t.test function, α=0.05, two-tailed, unequal variances) 
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via an automated script, principal component analysis (PCA; pca function in the pcaMethods 
package (Stacklies et al., 2007), scale=uv, method=svd) and generating boxplots (boxplot 
function). Graphs and pie charts were generated using Microsoft Excel. 
3.4 Results and discussion 
3.4.1 Determination of δ13C and %C values of in-house standards 
Poor peak shape during the calibration of in-house standards (NaOAc and sucrose) using 
LSVEC in Ag capsules was observed (Figure 3.1). An increase in temperature of the EA 
combustion oven from 1000°C to 1050°C did not alleviate the issue or indicate improvement. 
The CO2 peak shown in Figure 3.1c took approximately 15-20 min to clear the system, 
presenting an issue with carryover. Brodie et al. (2011) had suggested that wrapping Ag capsules 
in Sn may increase thermal transfer and combustion. No samples or standards that had been run 
using the Sn-Ag combination (Figure 3.1a) suffered from the peak shape and tailing issue 
observed for Ag-only capsules (Figure 3.1b,c). 
The results in Figure 3.2 show that small differences existed in the calibration of sucrose 
using different capsule types, and that these differences varied slightly between the two 
calibration dates. For calibration 1 Sucrose, t-tests indicated no difference (p=0.05) between Sn 
and Ag capsules. No 
difference (p=0.05) was 
detected for calibration 2 
Sucrose, although the 
median and average δ13C 
values were slightly (but not Figure 3.1. The three chromatograms shown above represent the 
combustion of LSVEC using a zero dilution setting. In a, the Sn-
Ag combination was used. In b & c, only fumigated Ag capsules 
were used. Samples were combusted at 1000°C. The response is 
indicated on the y-axis (mV); x-axis is time (seconds). 
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significantly) higher than for Sn and Ag and slightly lower for Sn-Ag combined capsules. 
The effect of capsule type on δ13C values was more pronounced for the calibration of NaOAc. 
Significant differences were evident between the each of the capsule types for both calibration 
periods. Differences also were evident within the same capsule type for the Sn and Sn-Ag 
combinations. T-tests confirmed the observed differences. 
The shift in the average and median values between the two calibration periods suggests that 
regular calibration of the in-house standards needs to be performed, which is likely dependent on 
how controlled the laboratory environmental conditions are (temperature/humidity) and changes 
in instrument configuration (e.g. IRMS filament). The differences in capsule types for NaOAc, 
as determined by t-test, were in part due to the smaller error associated with the analysis versus 
sucrose. The most significant result was the difference observed in using Ag capsules versus Sn 
and the Sn-Ag combination where δ13C values were considerably more positive (Figure 3.2a). 
The %C values shown in Figure 2b were acquired during analysis of samples when sucrose 
and NaOAc were used to normalize isotope values. Atropine was used as the QA standard for 
quantitative purposes. Measurements for %C for the sucrose in-house standard were similar in all 
capsule types. An intriguing result occurred for the NaOAc standard when using Ag capsules. 
    
Figure 3.2. a) The δ13C results of calibrating in-house sucrose and NaOAc in January 2016 (1) and January 2017 
(2) using LSVEC and IAEA sucrose standards. b) The %C values associated with the results in a) are 
shown. For all results, the mean, median, standard deviation and number of samples analyzed (n) is 
shown. Circles indicate potential outliers as determined by the R boxplot function. 
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The calculated carbon composition for NaOAc is 29.28%. Multiple analyses resulted in an 
average %C value of [22.57±0.26]% (n=16) over multiple runs; isotope values were not affected. 
The consistency of the lower than expected NaOAc values obtained at different times 
suggested a systematic error was present. A test of the same NaOAc exposed to 32% humidity 
over a four day period showed no statistical difference when compared to the rest of the batch, 
which had been kept dry in a desiccator. The results from analyzing the moisture-exposed 
NaOAc ([22.61±0.25]%, n= 6) were lumped in with the group of six NaOAc samples that were 
run at the same time and had been kept dry ([22.77±0.25]%). The atropine standard produced 
consistent %C values during the runs, indicating instrument performance was not an issue. 
Only on one occasion were NaOAc %C values similar to the calculated carbon content. Two 
results for NaOAc obtained immediately after the ash trap in the EA had been changed, which 
included a small amount of chromium catalyst, resulted in values of [29.36±0.07]%. Subsequent 
analyses resulted in values of ~22 %C for NaOAc and Ag when the ash trap had been slightly 
used. Runs thereafter performed using the Sn-Ag combination, without changing of the ash trap 
or adding more catalyst, were consistent with previously obtained values for NaOAc, which were 
close to the calculated percentage composition. 
The %C results suggest an effect due to the interaction of the NaOAc standard with the Ag 
capsule may have been present. Coupled with the extreme peak tailing that was observed for 
LSVEC, and the lack of an effect on either the IAEA sucrose or in-house standards, the nature of 
the analyte appeared to affect instrument performance, which may have been due to combustion 
(thermal transfer) issues. No effect was detected for any samples run using the Sn-Ag 
combination or Sn capsules. Additional discussion may be found in the supplementary material 
(Section 3.4.1). 
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3.4.2 Determination of δ13C and %C values of samples 
References reported in Reiffarth et al. (2016) indicated that methodological error for EA %C 
analysis may vary between 0.6-4.1%. Variability in δ13C values for bulk carbon analysis of 
agricultural fields was reported by Blake et al. (2012) to range from 0.1-0.5‰ using Sn capsules 
and the EA method of analysis. Hancock et al. (2013) reported errors of 0.33‰ for channel bank 
samples to 0.79‰ for forested sources, with cultivated and pasture source falling in between this 
range; the method of analysis was not specified. Analytical error in %C determination was 
reported by Blake et al. (2012) as less than 0.65% for standards. The variability associated 
with %C analysis of samples, which is an important element of soil apportioning in tracing 
experiments if bulk carbon is used, has generally not been reported in such studies, and is also 
not considered in the soil apportioning equation (Alewell et al., 2016; Blake et al., 2012; Gibbs, 
2008; Hancock and Revill, 2013; Mabit et al., 2018). Whether or not the error is of significance 
and needs to be included in the apportioning equation would depend on how well the 
average %C values are representative of the sources and the impact of that particular source on 
the outcome of the probability distribution provided by the unmixing model. 
Samples were homogenized by sieving to <850 µm and thorough mixing. Removal of smaller 
organic material and fine roots was not possible due to impracticality. Smaller particle sizes are 
often higher in organic content (Shang et al., 2014) with the finer fractions enriched in lipid 
content and OC (Bol et al., 2009; Flessa et al., 2008; Jandl et al., 2004; Roscoe et al., 2000), 
although distributions can vary widely between soil types. An increase in the age of soil OC has 
been found to occur with a decrease in particle size (Bol et al., 2009; Flessa et al., 2008), which 
may affect 13C values and increase variability. No particle size analysis was performed on these 
samples to determine the effect of the selected size on 13C values or %C. The particle size of the 
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samples (i.e. <850 µm) was selected to minimize potential losses of finer soil particles during 
processing of the soil samples, which included extractions, unrelated to bulk carbon analysis. 
3.4.2.1 The role of carbonates 
Analysis of untreated samples by EA-IRMS indicated the presence of carbonates, as observed 
by relatively more positive 13C values for some samples. Of 61 unique samples analyzed without 
acid treatment in Sn capsules, nine (~15%) were determined to have had significant carbonate 
content. Whereas the average δ13C values were approximately δ13C -26 to -27‰ for the majority 
of samples, the carbonate containing samples were as positive as ~δ13C -8‰. The influence of 
carbonates on the δ13C values was substantial in some cases, as carbonates tend to have highly 
positive δ13C values (Harris et al., 2001), whether of lithogenic or pedogenic origin (Ramnarine 
et al., 2011). Very small, white, gastropod-like shells were also apparent in some samples. Work 
performed by Yanes et al. (2013) suggests that δ13C values of carbonates found in gastropods 
tend to be highly positive. The gastropods may therefore have been an additional source of 
carbonate, resulting in the more positive δ13C values for some samples than the surrounding 
samples, increased fumigation times, and possible incomplete fumigation in some cases.  
Acid fumigation was decided upon due to the convenience of the method, thereby requiring 
the use of Ag capsules if the samples were to be treated directly in the capsules; in capsule 
treatment also does not require the use of correction factors (Ramnarine et al., 2011). Other 
methods, such as the rinse method, were found to artificially elevate %C values and cause 
fractionation of δ13C (Brodie et al., 2011). Issues with leakage or excessive effervescence 
(Walthert et al., 2010) may occur with the acid fumigation method; however, in such cases where 
these issues were observed, the sample was re-run. In one case, effervescence was active enough 
to have potentially caused cross contamination with adjacent samples in the titer tray. 
- 103 - 
 
Considering the large number of samples involved, other in-capsule treatments, such as the 
gradual addition of acid coupled with heating (Brodie et al., 2011), would have been quite 
cumbersome. 
3.4.2.2 The effect of capsule type 
The use of Ag capsules for EA-IRMS analysis led to instrument performance issues. Many of 
the samples that were fumigated in Ag produced irregular/poor peak shapes with excessive peak 
tailing, similar to what was observed for the LSVEC standard, but less severe. A PCA using 
sample mass, amplitude and area (IRMS response), δ13C values, mg C, and %C, with peak shape 
defined as the factor suggested sample mass as a major contributor to poor peak shape. A 
summary of the samples run in Ag is shown in Figure 3.3, with the samples divided into Normal 
peaks and Poor peaks. The category into which a sample was placed was subjectively 
determined based on excessive tailing relative to the degree of tailing that occurred for samples 
run in Sn or Sn-Ag. The type of tailing that was observed was similar to that shown in Figure 
3.1b. Poor peak shape was 
also defined as peaks differing 
from the Gaussian type of 
distribution seen in Figure 
3.1a. For some samples, poor 
peak shape constituted a 
“double hump”, which 
generally occurred with larger 
samples sizes. The appearance 
Figure 3.3. A summary of samples run in Ag capsules that produced 
normal peaks and poor peaks. The dashed line indicates a 
sample mass of 7.5 mg. The analytical run (a-d) in which the 
sample was acquired is indicated above the sample mass, 
along with the type of sample. The numbers under the bars 
refer to the sample identification number. Samples run 
multiple times have the same number. Note that most samples 
were Field samples (no symbol). 
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of two humps and excessive tailing did not always occur concurrently. 
A total of 49 samples were re-run using Ag capsules, of which 22 (45%) exhibited peak 
issues, and 15 of the 22 samples had masses greater than 7.5 mg (68%). Of the six samples that 
exhibited poor peak shape and used masses <7.5 mg, four of the samples produced %C values 
>6%. Sample 0 in Figure 3.3 is an example of a sample that was run consecutively in triplicate 
and only the lowest mass sample resulted in excessive peak tailing. Sample 1, which was a 
sediment sample with very high organic content, exhibited peak tailing when run in duplicate 
within the same run (run b), but did not do so in run c. Sample type (field, riparian, forest, 
sediment) did not appear to be a contributing factor, with no clear indication for the differences 
in peak shape. 
A general finding when comparing Ag with Sn and Sn-Ag capsules was that samples run in 
Ag capsules produced slightly lower δ13C values in several cases, indicating a negative bias. This 
also appeared to be the case for %C values when compared to Sn. The use of Ag capsules was 
abandoned for the analysis of the complete sample set. A more detailed discussion comparing the 
three capsule methods may be found in the supplementary material (Section 3.4.2.2). It should 
also be noted that poor peak shape did not appear to affect quantification, as long as tailing was 
constrained to the data acquisition time frame. Run times had to be extended, however, relative 
to using Sn capsules, or the Sn-Ag combination in the event that severe tailing occurred. 
The effect of acid fumigation on δ13C and %C values is shown in Figure 3.4, with the 
assumption that the analysis of the group of samples selected for comparison (Sn) were not 
affected by carbonates (A detailed discussion on results of carbonate vs. non-carbonate samples 
may be found in the supplemental material; Section 3.4.2.2). The assumption that the selected 
samples analyzed in Sn capsules were not affected by carbonates was based on the δ13C data of 
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complementary samples 
that were taken in the 
vicinity of the selected 
samples. The data have 
been separated into field, 
riparian and sediment 
samples. The δ13C values in 
Figure 3.4 indicate a slight 
negative bias for field 
samples. The corresponding boxplot indicates the difference, on average, is relatively small 
between using Sn and Sn-Ag capsules (average difference -0.05‰). Five of the field samples had 
a difference of more than 0.3‰, with the greatest difference of -0.55‰. Three of the five 
samples had Sn values more negative than the Sn-Ag values, and thus carbonates were not likely 
the primary factor affecting the observed values. Analysis of the riparian samples produced a 
similar result, with the most extreme difference between the Sn and Sn-Ag capsules being 
0.59‰. On average, the difference for the 18 samples showed a very slight positive bias of 
+0.01‰, which is relatively insignificant in the context of acceptable instrument error (0.1‰). 
Of the three sample types, the sediment samples exhibited the greatest negative bias with the 
largest degree of variability. The sample size (n=4) for δ13C values was quite small; however, 
two of the samples showed quite high variability with errors of 0.42‰ and 0.45‰, which may be 
a symptom of the effect of acid treatment on the organics combined with the inherent variability 
of the organic constituents, and possibly due to subsampling methods. 
Figure 3.4. The isotope (left) and %C (right) values of the field, riparian 
(Rip.) and sediment (Sed.) samples that were not suspected to 
contain carbonates and were analyzed in Sn and Sn-Ag capsules 
are shown. The boxplots indicate the difference between the Sn 
capsule and the Sn-Ag capsule, where n indicates the number of 
samples; potential outliers are indicated by circles. 
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A negative bias in %C values was apparent for field, riparian and sediment samples (Figure 
3.4); only sample 9FB appeared to be an outlier with a much higher %C value when fumigated 
and analyzed using Sn-Ag capsules. The difference in δ13C values between the Sn and Sn-Ag 
samples for 9FB was only -0.16‰. The negative bias in %C values was more noticeable for the 
riparian and sediment samples, both of which contained greater amounts of organic material. The 
soil matrix and nature of organics may have affected the combustibility of the sample, leading to 
the more noticeable negative bias. The boxplot for %C in Figure 3.4 supports that differences 
in %C were greatest for riparian samples. 
Only three sediment samples were included in the %C data for Figure 3.4, because one of the 
samples exhibited extremely high variability as well as high %C content. The three included 
sediment samples exhibited a similar bias to the riparian samples, and were likely affected in the 
same way by acid fumigation. The fourth, excluded, sediment sample (identified as sample 8 
1RS in the supplemental material), when analyzed in duplicate using Sn capsules, resulted in %C 
values of 21.63% and 31.19%. When analyzed using the Sn-Ag capsule combination, two results 
produced %C values averaging [18.89±0.96]%, with one result, which was excluded, resulting in 
a value of 10.39%. In terms of δ13C values, the three Sn-Ag trials had similar values (n=3, δ13C 
[-28.92±0.03]‰), but were more positive than when the samples were run in Sn (n=3, 
[-29.49±0.27]‰). The high degree of variability in %C values was likely due to inhomogeneity 
in the sample, which was a product of the small sample masses (~1.5 mg) used in the analysis. 
Attention should thus be paid to homogenizing high-organic content sediment samples, with the 
samples analyzed multiple times to ensure consistency. Should a hierarchical CSSI tracing study 
based on upstream sediment sources be carried out (Upadhayay et al., 2017) where bulk carbon 
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values are used to apportion source contributions, the degree of variability observed here could 
be problematic if not properly addressed. 
3.4.3 Variability in δ13C and %C values on samples using acid fumigation and Sn-Ag capsules 
Figure 3.5 shows a summary of δ13C and %C values for all samples that were analyzed at a 
minimum as duplicates and had undergone acid fumigation followed by combustion in the Sn-
Ag capsule combination. The boxplot provides an illustration as to the spread in δ13C values for 
multiple analyses of the same sample. Most of the 28 field samples (16 samples) had a spread 
less than 0.3‰. The remaining samples (sample number in parenthesis) had larger spreads: four 
of the field samples resulted in a spread ≥0.7‰ (3, 13, 16 and 20); four 0.7≥0.5‰ (7, 9, 18, and 
21); and four 0.5≥0.3‰. (2, 4, 15, and 19). The two largest spreads (1.25‰ and 0.82‰) were 
attributed to samples taken at identical locations, albeit at different times. 
For the carbonate field samples, sample 32 showed extremely high variability due to one 
particularly positive δ13C value when the sample was analyzed in triplicate. All three samples 
were analyzed during different runs. The most positive δ13C value also exhibited the lowest %C 
value. Sample mass should not have been an issue in the analysis as ~9.5 mg were used, 
suggesting inhomogeneity issues with the sample may have led to the inclusion of carbonate-rich 
particles at the expense of OC containing material. There may also have been potential losses of 
organic material due to acid treatment (Komada et al., 2008). This may reflect a need to reduce 
particle sizes by physical methods (e.g. grinding) below the 850 µm size used here for the 
purpose of EA analysis, although doing so only for the small ~2 g subsample used for EA 
analysis may not lead to results that are indicative of the bulk sample values. 
Of the 21 non-carbonate riparian samples, only one sample (4) had a spread in isotope values 
≥0.7‰; sample 12 had a spread in the range of 0.7≥0.5‰ (12). The most negative δ13C value for  
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sample 5, however, was also associated 
with the highest %C content; the same 
was true for sample 13, suggesting the 
presence of non-soil bound organic 
matter having been present in the 
sample, as these results are counter to 
the expectation of carbonates 
contributing to carbon content. 
Carbonate riparian (forested area) 
samples 22, 28 and 29, were acquired 
from the same location at different 
sampling times, and contained a large 
amount of carbonates, with values as 
high as 50% of the C content. These 
samples were also most prone to 
incomplete fumigation. Of note is the 
high variability in %C values, 
particularly for samples 22 and 29, 
despite the low variability in δ13C 
values. The four sediment samples 
shown also exhibited a high degree of 
variability, particularly sample 4, which 
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indicated that organic rich soils/sediments led to higher variability in %C values, but δ13C values 
were not particularly affected, as was indicated by the results in Figure 3.4. 
In most cases, despite increased variability for %C (e.g. sample 8, supplemental material), 
δ13C variability was low for most samples (Figure 3.5). Although using standard deviations to 
report variability on duplicates may be fraught with some bias, examining the error of the 
samples in Figure 3.5 provides some insight into the accuracy of the results obtained. Out of 66 
samples analyzed, only 10 had standard deviations ≥0.4‰, and of those, only five ≥0.5‰. Recall 
Hancock and Revill (2013) reported errors for channel banks as high as 0.79‰ and Blake (2012) 
as high as 0.5‰, suggesting the method is generally reliable for isotope analysis and that 
individual cases of variability may be dealt with by performing additional analyses or, if the 
context of the results in known (e.g. incomplete fumigation), the unreliable result may simply be 
excluded. 
The errors for which at least duplicate analyses were performed on a sample using each 
capsule type/combination are tallied in Figure 3.6. The Sn treatment includes all samples that 
may have contained carbonates, and thus the range in the error for both δ13C and %C is quite 
high. Interestingly, the median error for the Sn-Ag combination was less than for Ag alone, with 
the median for RSDs for %C values very similar. 
The whiskers representing the 25th and 75th quartiles 
clearly indicate a large degree of variability, in both 
δ13C and %C values using the Sn-Ag method 
relative to Ag only. The limited sample set for the 
Ag-only method may, however, not be entirely 
indicative of the true range in variability. 
 
Figure 3.6. The errors for the δ13C analyses 
(left) and %C (right) are shown for 
the groups of samples run in each of 
the capsule types. The median, 
average, and sample size (n) are 
provided. The circles correspond to 
possible outliers. 
- 110 - 
 
3.4.4 Soil apportioning 
The following equation has been used to apportion sources in CSSI tracing experiments, 
where %C has been used as a proxy for the tracer (Blake et al., 2012; Gibbs, 2008; Hancock and 
Revill, 2013; Mabit et al., 2018): 
% sourcen=
ቀIn %Cnൗ ቁ
∑ ቀIn %Cnൗ ቁin
×100 Equation 3.2 
In refers to the mean feasible proportion of source n in a mixture as determined by an 
unmixing model (e.g. MixSIAR). The %Cn term refers to the %Cbulk value (TOC) of source n. 
The mean feasible proportion provided by the mixing model is a value based on a probability 
distribution produced by the unmixing model that reflects the potential contribution of a 
particular source to a mixture in order to produce the isotope values determined for that mixture. 
The role of %C is to attribute a “real world” value to the distribution in terms of sediment load 
contributing to the mixture. The primary goal is to identify the major contributing source(s) to 
the mixture, so the approach may be thought of as being somewhat qualitative, where a certain 
level of inaccuracy will not necessarily negatively affect the outcome for the purpose; for 
example, the selection of a best management practice implementation to stop soil erosion and 
sediment delivery. The assumption of %C as a valid proxy for a biotracer will not be addressed 
further here. 
The %C results in Figure 3.4 indicated a negative bias in %C values, with riparian and 
sediment samples more heavily affected than field samples, when the analysis of samples in Sn 
capsules versus Sn-Ag capsules preceded by acid fumigation was performed. A typical 
apportioning procedure would be to use the probability distribution generated based on isotope 
values for a selection of biotracers entered into an unmixing model and then enter those values 
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(In) into Equation 3.2 in combination with %C values of each respective source to determine the 
physical contribution (amount of sediment) of that source to the mixture. The sources could 
potentially be any selection of cropped fields, riparian areas, channel banks, upstream sediment, 
or any other location that has the potential to generate sediment. 
Two of the most negatively biased riparian samples shown in Figure 3.4 were used to capture 
the effect of the negative bias of the Sn versus Sn-Ag method in apportioning sources (Figure 
3.7a). The %C values were entered into Equation 3.2, with the In of an actual probability 
distribution used. A selection of riparian and field sample data was used to illustrate the effect of 
the negative bias. As is evident in Figure 3.7a, the negative bias resulted in a quantitative effect 
in terms of the percentage contribution from each source; however, qualitatively, the identical 
conclusion would be reached, namely that Rip-1 was the major contributor to the mixture. 
In Figure 3.7b, a similar analysis to the one in Figure 3.7a was carried out using %C values 
for samples shown in Figure 3.5. Only Sn-Ag results were used, with the purpose of illustrating 
the potential outcome when performing the source apportioning using Equation 3.2 and potential 
sources that exhibited a high degree of variability. The objective was to create the greatest 
discrepancy, based on 
observed errors, between 
potential sources and 
determine whether or not the 
qualitative outcome when 
apportioning the sources 
would be affected, and to 
what extent. A selection of Figure 3.7. a) Source apportioning (%) using %C values determined by analysis in Sn capsules and in the Sn-Ag capsule combination. 
b) Source apportioning using average %C values and with error 
introduced. F: field; R: riparian; Sed: sediment. 
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field, riparian and one upstream sediment sample was used as potential sources. The lowest %C 
value from a triplicate analysis was used for sample 3F. For the remaining sources, samples 
showing the highest %C variability were selected, with the largest %C value used from each 
respective multiple analysis in order to maximize the spread between 3F and the remaining 
samples. The results indicated that even the most error-prone %C determinations did not 
influence the outcome of soil apportioning significantly enough to affect the conclusion as to the 
major contributor to the mixture. 
3.5 Conclusions 
In situ acid treatment of soil samples using Ag capsules is more convenient than using the Sn-
Ag method due to sample preparation times. However, the consistent and large discrepancy 
in %C values (~7%) between calculated molecular weight (MW) and observed MW values 
during the calibration of NaOAc in Ag capsules is of concern, suggesting the presence of a 
systematic error that was analyte-specific. For low carbon-containing samples, the error may not 
translate into substantial source apportioning errors where bulk carbon is used as a proxy for 
fatty acid concentrations. Samples with high %C may be affected. There was good agreement 
and minimum bias in isotope values between Sn and Sn-Ag samples analyzed. The use of Ag 
capsules only for in situ acid treatment, particularly for high %C samples, should only be 
performed when combined with a Sn wrapper. Further investigation into possible matrix effects 
as a function of %C is necessary. 
In stable isotope analysis, carryover and memory affects are a concern due to incomplete 
combustion (Grassineau, 2006). Incomplete combustion in Ag capsules was observed 
predominately in higher mass samples, but not exclusively. Irregular peak shapes did not lead to 
quantification errors, but the prospect of incomplete combustion required extended analysis 
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times to minimize carryover. Despite potentially higher variability in sample analysis using Sn-
Ag capsules, no issues arose with peak tailing, carryover or memory effects. The use of Sn-Ag 
versus Sn capsules showed a negative bias in %C for higher concentration samples, but not for 
δ13C values. The bias in %C values was consistent and could be corrected for, allowing for the 
pooling of Sn and Sn-Ag sample data. In order to ensure efficiency in instrumental analysis, the 
recommendation is to wrap all in situ acid-treated Ag capsules in Sn. 
Source apportioning trials performed maximizing the error spread in samples did not lead to 
differing conclusions as to the primary contributors to each source. The use of Sn-Ag versus Sn 
capsules led to the same conclusions as well. Source apportioning using Sn, or Sn-Ag, capsules 
may be performed interchangeably with the assumption that inorganic carbonates are absent or 
do not significantly contribute to %C values.  
3.6 Future direction 
Sample matrix type (e.g. B horizon versus A horizon) was not focussed on to resolve Ag 
sample combustion issues. Additional soil standards will be analyzed in order to determine 
the %C and δ13C error associated with using Ag capsules based on matrix type. Grassineau 
(2006) mentioned combustion concerns with particle diameter and very fine grain sizes resulting 
in combustion issues for sulfur. Samples analyzed herein were sieved to ≤850 µm, with finer 
grain sizes possible, particularly for sediment. Particle size has also been shown to have an effect 
on δ13C values (Bol et al., 2009); the effect of particle size, sample matrix, %C and δ13C for a 
variety of soil types will be investigated further. 
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3.9 Supplement 
The following sections contain supplemental material to complement the information in the 
primary paper, providing a more in-depth discussion of findings, with additional results included. 
Section headings correspond to the appropriate headings in the main paper. Figure references 
with an S refer to figures within the supplemental material; otherwise, figure references refer to 
the main text. 
3.4.1 Determination of δ13C and %C values of in-house standards 
The poor peak shapes reported in Figure 3.1 for LSVEC occurred consistently where higher 
masses of the standard were used (e.g. Figure 3.1c). The frequency of poor peak shapes and 
excessive tailing was reduced by using lower quantities of LSVEC and setting Isodat to the zero 
dilution setting. When larger masses of LSVEC were combusted under the same conditions using 
the Sn-Ag combination (e.g. 0.300 mg), peak shape was not affected, with peak shape similar to 
that shown in Figure 1a, with minimal tailing. It should also be noted that the results shown in 
Figure 3.1a were obtained after those shown in Figure 3.1b and Figure 3.1c, without any changes 
in the instrument setup i.e. no cleaning of ash or water traps, or changes to the 
combustion/reduction chambers. For the purpose of calibrating the in-house sugar and NaOAc 
standards using LSVEC and IAEA-CH-6 in Ag capsules, LSVEC quantities were kept low and 
several samples required rerunning in order to obtain sufficient replicates of isotope data to 
complete calibration. Increasing the data acquisition time was necessary to reduce loss of isotope 
information due to excessive tailing and to prevent carryover. 
The boxplot in Figure 3.2a for sucrose, calibration 2, suggests a narrow range for the sucrose 
standards, with the R statistics package identifying two potential outliers. The R function used to 
create the boxplots (boxplot function) uses the inter quartile range (IRQ) method for determining 
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potential outliers. The calculated standard deviation (δ13C 0.07‰) was calculated inclusive of the 
supposed outliers, and thus represents the expected error range for the in-house standard sucrose. 
The consistently low %C values for NaOAc suggested a systematic error; although moisture 
was not thought to be an issue, due to regularly drying of the standard and the standard being 
kept in a desiccator, and the extremely consistent low %C values obtained over multiple runs, 
exposure to controlled humidity was used to rule out the potential moisture issue. All standards 
were always kept in a desiccator with active silica drying agent. 
The two NaOAc %C results using Ag capsules that resulted in expected %C values (~29%) 
were obtained immediately after changing the ash trap and adding new chromium oxide catalyst 
to the bottom of the trap. Thereafter, multiple samples were analyzed using the Sn-Ag 
combination. Included in the batch were samples 1FA, 1RB, 4FA, 4FC (discussed in 
supplemental section 3.4.2.2); the obtained %C values were in agreement with previous runs. 
The atropine QA standard produced the expected %C values. Without any change in instrument 
configuration, or modification to the ash trap, NaOAc samples in Ag were run. The low %C 
values (~22%) obtained were identical to previous observations. 
3.4.2.2 The effect of capsule type 
A summary of samples that were analyzed using Sn, Ag, and Sn-Ag capsule types with a 
minimum duplicate analysis of each sample is shown in Figure S3.1 (δ13C values) and Figure 
S3.2 (%C values), with all Ag and Sn-Ag samples acid fumigated. The samples were placed into 
two categories: non-carbonate containing and carbonate containing. Non-carbonate containing 
samples should ideally not be affected by acid fumigation. The non-carbonate category was 
further divided into field and riparian samples, and one sediment sample. The carbonate samples 
were divided into field samples and one forest sample. All samples were homogenized after 
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drying and grinding; the division into field and riparian was made because the riparian samples 
tended to be higher in organic material, and were likely different in composition. Field samples, 
particularly those from the upper slopes, tended to be very organic-poor and resemble a B/C 
horizon in texture (heavy in clays), whereas riparian samples were organic-rich and darker in 
colour. The sediment sample was also organic-rich. 
 
 










  Isotope (δ13C ‰) 
Sample Sn 1σ Ag 1σ Sn-Ag 1σ 
1 1FA -26.35 0.05 (2) -26.27 0.38 (3) -26.29 0.16 (3)
2 1FB -26.49 0.16 (3) -26.62 0.11 (2) -26.42 0.15 (3)
3 4FC -26.25 0.05 (3) -26.33 0.36 (3) -26.21 0.05 (2)
4 9FC -26.45 n/a (1) -26.28 0.30 (3) -26.17 0.57 (2)
5 1RB -26.98 0.23 (3) -26.74 0.19 (3) -26.91 0.46 (3)
6 1RC -27.11 0.17 (2) -27.25 0.06 (3) -27.18 0.26 (3)
7 5RB -26.81 0.14 (3) -27.04 0.15 (2) -26.81 0.16 (3)
8 1RS -29.49 0.27 (2) -29.23 0.06 (2) -28.92 0.03 (3)
9 4FA -14.63 3.33 (2) -26.14 0.32 (3) -25.90 0.23 (4)
10 8FA -18.01 0.49 (3) -26.07 0.14 (3) -25.55 0.12 (3)
11 8FB -23.19 n/a (1) -26.09 0.21 (2) -26.05 0.05 (2)
12 IS3B -22.12 3.13 (3) -27.58 0.03 (3) -27.30 0.43 (2)
 
Figure S3.1. The δ13C values for samples that were analyzed more than once in Ag and Ag-Sn capsules are shown in the boxplots with the corresponding values shown in 
the table. The number of samples analyzed is shown in parentheses under the 1σ column. Sample names indicate the transect the sample originated from: F: 
field; R: riparian. A-C indicates the position along the transect, with A the uppermost point on the hillslope. IS3B was collected in a forested/riparian area 
downstream from the main fields that were sampled. 





  %C 
Sample Sn RSD Ag RSD Sn-Ag RSD 
1 1FA 2.20 5.09 1.96 8.34 1.89 4.00 
2 1FB 1.66 13.94 2.78 35.20 1.64 6.57 
3 4FC 4.43 5.20 4.24 6.53 4.50 10.36 
4 9FC 2.03  1.68 9.79 1.95 17.86 
5 1RB 5.73 5.42 5.20 5.79 4.88 11.60 
6 1RC 6.38 11.08 5.33 14.24 5.86 4.52 
7 5RB 8.30 7.36 6.77 7.05 6.64 25.89 
8 1RS 26.41 25.59 21.33 0.24 18.89 5.07 (2)
9 4FA 3.59 13.86 1.78 6.80 1.82 6.46 
10 8FA 2.65 7.57 1.63 9.50 1.89 24.28 
11 8FB 1.69  1.30 5.34 1.26 1.95 
12 IS3B 3.60 36.33 3.65 8.05 3.76 9.33 
 
Figure S3.2. The %C values for samples that were analyzed more than once in Ag and Ag-Sn capsules are shown in the boxplots with the corresponding values shown in 
the table. The number of samples analyzed is shown in parentheses under the 1σ column in Error! Reference source not found. 
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Non-carbonate samples 
For the non-carbonate containing samples (1-8), there was no clear indication as to the effect 
of acid fumigation and capsule combination on the δ13C values for the Ag capsules. For example, 
the variability in δ13C values for samples 1 and 3 was quite high compared to the other capsule 
types. For samples 1 and 3, the sample producing the lowest δ13C value was part of the same run 
(Ag-1, Figure S3.3a and c), suggesting that sample processing or instrument performance may 
have been a contributing factor, or the process of fumigation. Indeed, other samples that had 
been part of the run producing the lowest δ13C values for which multiple analyses were 
performed were also 
more negative in 
most cases. Sample 1 
and 3 %C values 
were similar for 
replicate measures 
for each of the 
samples.  
The field samples, 
when tested in Ag 
capsules, appeared to 
be prone to greater 
variability in δ13C 
values than the 
riparian samples 
Figure S3.3. Graphs a-f show the range of δ13C and %C data acquired for samples 
that were analyzed multiple times in Sn, Ag and Sn-Ag capsules. The 
numbers indicate the order in which the sample was analyzed for each 
sample type. Boxed numbers indicate the samples were fumigated and 
analyzed in the same batch for a particular capsule type. 
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when compared to measurements made in Sn. The soil matrix may have influenced 
combustibility, as the field soils were primarily B/C horizon and would be expected to be high in 
mineral content. The high percentage of sodium and lithium in the isotope standards may have 
caused the standards to suffer from a similar type of issue when using Ag capsules only. 
The two Sn-Ag capsule samples that exhibited the highest degree of variability in δ13C values 
were samples 4 and 5. Generally, data were excluded from the set if the isotope values were 
highly positive and the %C value was also greater than that of complementary samples, which 
indicated possible incomplete fumigation; however, samples 4 and 5 Figure S3.3d and e) were 
not expected to have carbonates, and carbonates did not appear to influence the isotope/%C 
relationship. For sample 4, the more positive sample (SnAg-2) was depleted in carbon relative to 
SnAg-1, contrary to the expected relationship. For sample 5, the most negative data point (SnAg-
1) also exhibited the highest %C content. It should be noted that there was quite a large spread in 
the Ag δ13C values for sample 4, with the most positive value (Ag-1), similar to that of SnAg-2. 
Despite the much more positive δ13C value for Ag-1, the %C was similar to Ag-2, which 
exhibited the most negative δ13C value. All measurements for sample 4 were acquired 
consecutively and had been part of the same acid fumigation treatment. Sample size did not 
appear to be a defining factor either, as Ag-2 had the lowest mass of the Ag samples, yet was the 
only sample of the three that suffered from severe peak tailing. Hence, the variability in the Sn-
Ag samples may be indicative of the inherent variability within the sample, which may in turn be 
a consequence of the particle sizes analyzed and the presence of inhomogeneities in the soil 
matrix due to varying levels of occluded carbon and fine organic matter. For samples 1-7 
analyzed in Sn-Ag capsules, there was no indication that δ13C values showed a negative bias 
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when compared to their Sn counterparts, contrary to the bias Brodie et al. (2011) reported for 
their soil standard analyzed. Increased variability, however, was a concern. 
Brodie et al. (2011) reported a slight negative bias on %C values when analyzing a soil 
standard in Ag capsules, with a large degree of variability. Field samples 1, 3 and 4 did exhibit a 
slight negative bias in %C when using Ag capsules. The one obvious anomaly that could not be 
explained was the high %C values and high degree of associated variability with sample 2 
analyzed in Ag capsules (Figure S3.3b). The δ13C values for the Ag capsules, when compared to 
Sn and Sn-Ag values were very similar (Sn: [-26.49±0.16]‰; Sn-Ag: [-26.42±0.15]‰). Both Ag 
samples were also part of different runs. Sample Ag-2, which had a much larger sample size, 
exhibited a very poor peak shape. Triplicate analysis in Sn and Sn-Ag capsules resulted in 
similar average %C values, with the Sn-Ag capsule results being less variable than for Sn. 
The %C values of the three riparian samples (5-7) analyzed in Ag and Sn-Ag capsules all 
showed lower %C values than for Sn capsules. The increased variability may be due to a 
combination of reduced sample size with an increase in organic carbon content, leading to 
inhomogeneity within the sample. Sample 7 was particularly high in %C variability for the Sn-
Ag combination, yet the variability in isotope values was low. All three samples were analyzed 
in different runs, where the highest %C value (SnAg-2) also had the most positive δ13C value. 
Loss of OC may potentially have occurred due to fumigation. When the sucrose standard 
(42.16 %C) was subjected to acid fumigation, the isotope values were not significantly affected 
(δ13C -12.07‰, n=3, expected -12.02‰), with the %C value ([41.20±0.15]%) slightly lower than 
the value determined for the same standard used for isotope normalization run immediately prior 
that had not been fumigated (42.42%). The difference amounted to a relative loss of 2.9%. 
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Carbonate samples 
None of the riparian samples were suspected of containing carbonates. The field samples were 
susceptible to being carbonate containing because of a poor to non-existent A-horizon, 
particularly at the top of hill slopes, as these tended to be affected by tillage erosion. The 
possibility of underlying carbonaceous rock affecting samples also existed. Some of the forested 
samples were particularly high in carbonate content, with one sample having a chalky texture 
with almost 50% carbonates (δ13C of ~-8‰ prior to fumigation). 
The three carbonate field samples for which multiple analyses were performed using Ag and 
Sn-Ag capsules (Figure S3.2) all exhibited more negative δ13C values after fumigation. It should 
be noted that in Figure S3.2, a negative bias in δ13C values for the Ag capsules versus the Sn-Ag 
capsules appeared to occur for samples 9 and 10. Multiple analyses of the carbonate containing 
samples in the entire sampling scheme often exhibited incomplete fumigation, as was evidenced 
by more positive than expected δ13C values. Sample 9 (4FA) in Figure S3.2, for example, was 
analyzed a total of five times. One of the data points was excluded because of the higher than 
expected δ13C value (-23.94‰), despite %C of 1.90% (average for the other four samples was 
[1.82±0.12]%). In the event a sample exhibited a more positive than expected δ13C value 
together with considerably higher %C value, incomplete fumigation was assumed and the sample 
was excluded from the sample set. Sample 12 was acquired in a riparian/forested area 
downstream from the other field and riparian samples, but located within the same watershed. 
The high degree of variability in the δ13C value may be due to incomplete fumigation, as some, 
but not all, samples in the batch appeared to be more positive than corresponding samples run in 
other batches. The slightly more positive value was also associated with a slightly higher %C 
value (3.76 versus 3.26 %C), indicative of incomplete fumigation. 
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3.4.3 Variability in δ13C and %C values on samples using acid fumigation and Sn-Ag 
capsules 
Sample 3 in Figure 3.5 was analyzed four times; with removal of the most positive value, the 
standard deviation was reduced from 0.31‰ to 0.13‰, and the spread to 0.26‰. The 
measurement was included in the sample set because the %C value was not outside of the %C 
spread. Sample 13 exhibited an extremely positive δ13C value for one of the duplicate 
measurements, which was associated with a low %C value, in contrast to its complementary 
measurement, suggesting carbonates were not likely the source of variability. Samples 16 and 20 
were each measured in duplicate and both were taken at the same location in the field but two 
months apart. Both showed very low variability in %C values; considering the low %C, a small 
amount of carbonate present would have had a large impact on the δ13C value. Sample 16 was 
located mid slope in the field; the upper and lower points also showed more positive values, and 
in this context, the more positive δ13C value of duplicate analysis cannot necessarily be 
discarded. The same holds true for sample 20. In other words, the more negative value could 
potentially have been a result of acid fumigation and may not have reflected the “correct” value. 
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4 Development of standardized protocols for the quantitative and 13C isotope analysis of 
very long-chain fatty acids (VLCFAs) used in compound specific stable isotope (CSSI) 
soil and sediment tracing 
4.1 Abstract 
Soil and sediment tracing methods have recently included the use of fatty acids (FAs) of plant 
origin that have been transferred to soils and are then bound to mobilized sediments. The use of 
FAs is beneficial in that carbon isotope (13C/12C) values of very long-chain FAs (VLCFAs, 
C20:0-C32:0) may be linked to land use, allowing for differentiation of source soils based on 
terrestrial vegetation. The extraction of VLCFAs produces two categories of data using 
established analytical techniques that aid in sediment tracing: (i) isotope (13C/12C and D/H) and 
(ii) quantitative (VLCFA concentrations). In order to produce robust data, protocols need to be in 
place that allow for effective extraction, purification, quantification and generation of isotope 
values. We are presenting methodologies, concerns and considerations related to the 
establishment of protocols that will result in robust and reliable 13C/12C isotope and VLCFA 
concentration data. 
4.2 Introduction 
The development of soil and sediment tracing methods, often referred to as sediment 
fingerprinting, based on determining differences in land use and associated naturally occurring 
plant-derived biomarkers, requires the development of suitable laboratory techniques to isolate, 
quantify and characterize the compounds of interest (Owens et al., 2016). A desire to develop 
such techniques has been put forward by the International Atomic Energy Agency (International 
Atomic Energy Agency, Vienna, Austria, 2009, 2015) of the United Nations; indeed, sediment 
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fingerprinting methods are still lacking in standardization of methodology and are in the 
development stage (Du and Walling, 2017; Smith et al., 2015). 
Fatty acids (FAs), and in particular, saturated very long-chain FAs (VLCFAs) have been 
identified as potentially highly recalcitrant, naturally occurring, organic compounds, suggesting 
FAs are a good biomarker for sediment fingerprinting (Alewell et al., 2016; Blake et al., 2012; 
Gibbs, 2008; Hancock and Revill, 2013; Mabit et al., 2018; Reiffarth et al., 2016). The bound 
FAs are transported during flow events (e.g. rain, snow melt) to sites downstream of the potential 
source(s). Fatty acids with twenty-two or more carbons are usually considered to be VLCFAs, 
and FAs with twenty or more carbons are primarily of plant origin (Wiesenberg et al., 2012). 
Statistical methods, such as the use of MixSIAR, a Bayesian unmixing model (Stock and 
Semmens, 2016), enable researchers to obtain probability distributions that provide insight into 
sediment provenance and the percentage of sediment contributing to downstream transport and 
deposition sites from a mixture of sources (Blake et al., 2012; Mabit et al., 2018; Parnell et al., 
2010). The model determines possible combinations of sources that may lead to the isotopic 
signature of the downstream mixture. The data inputted into the unmixing model may be a 
variety of tracers. The biomarker tracers of interest were saturated VLCFAs of plant origin 
(C20:0-C32:0, excluding C31:0 due to purification issues and low concentrations) that were 
deposited in soils and underwent sediment transport, with a focus on the stable isotopes of 
carbon, carbon-13 (13C) and carbon-12 (12C). The term VLCFA in this paper will refer to the 
collection of FAs that correspond to the stated chain lengths. This type of analysis is often 
referred to as compound-specific isotope analysis (CSIA), although for the purposes of sediment 
tracing, the acronym CSSI (compound-specific stable isotope) has been used, as it was adopted 
by the IAEA (International Atomic Energy Agency, Vienna, Austria, 2009, 2015). 
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Reiffarth et al. (2016) recently published an in-depth review that discussed soil carbon, 
variability and the sources of soil FAs, noting that non-specific or common FAs, particularly 
C16:0 and C18:0, should be avoided as tracers. In a hierarchical tracing model, for example, 
where multiple riverine or lake sediment sources are collected, major non-terrestrial sources of 
C16:0 and C18:0 could include aquatic plant life, aquatic organisms and decay products from 
fish. In our experience, many riverine sediment samples have been analyzed where such non-
specific FAs have dominated the FA profile. Whether used in quantitative or isotopic 
applications, the unknown origins of the common FAs suggest they are unsuitable as land use-
based sediment tracers. Other research groups have reiterated the need to focus on VLCFAs 
(Upadhayay et al., 2017) and have used selected VLCFAs as tracers (Alewell et al., 2016; Mabit 
et al., 2018). 
Obtaining reliable CSSI data for VLCFAs depends on the ability to adequately extract, 
separate, derivatize and analyze FAs. A variety of methods have been published for the 
extraction and purification of FAs with respect to sediment fingerprinting (Alewell et al., 2016; 
Blake et al., 2012; Gibbs, 2008; Hancock and Revill, 2013; Mabit et al., 2018) and neutral FA 
extraction in general (Jansen et al., 2006; White et al., 2009). One of the potential pitfalls of 
using CSSIs as tracers is the purity of the mixture that is analyzed by GCC-IRMS to obtain δ13C 
values. Unfortunately, finalized CSSI data is often published without insight as to the purity of 
the extracts, such as chromatograms to demonstrate the effectiveness of the separation. Where 
separation and identification of fatty acid methyl esters (FAMEs) may be adequate and readily 
achieved by GC-FID and GC-MS, GCC-IRMS analysis is more demanding due to fractionation 
effects. Considerable differences in the isotopic ratio between the front and end of the peak, 
without any discernable change in peak shape, occur with the heavier isotope eluting first due to 
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lower molar volumes as a result of shortened bond length and, consequently, increased bond 
strength for the heavier isotope (13C) (Meier-Augenstein, 2002). In the event of peak overlap 
between desired peaks and unwanted peaks, the extent to which 13C values of the desired peak 
are affected by the impurity is dependent on the degree of overlap and the difference in 13C 
values between the two peaks. There is no effective method in dealing with the impact of 
overlapping peaks on 13C values. The best solution is therefore to produce an extract with perfect 
peak separation. A secondary solution is to carefully examine the chromatogram and estimate the 
degree of overlap and the impact on the isotope value of the desired peak, selecting to either 
include or omit the data of the peak from the data set. 
As part of the soil and sediment tracing approach, the probability distributions provided by an 
unmixing model need to be translated into soil proportions, which reflect the amount of sediment 
that has been mobilized. Several earlier works have used %C as a means of assigning soil 
proportions, (Blake et al., 2012; Gibbs, 2008; Hancock and Revill, 2013) an approach which 
continues to be used (Mabit et al., 2018). Alewell et al. (2016) suggested FA concentrations be 
used instead, as using %C assumes that a relationship between FA tracer content and %C exists. 
For example, riverine sediment sources may contain significant amounts of organic material (e.g. 
biofilms) that are unrelated to terrestrial land use, with the removal of such organics being non-
trivial. Furthermore, in such a scenario, mid-chain FA concentrations would reflect a plethora of 
natural sources that are not solely attributed to plants. Consequently, whether or not the %C and 
FA concentration relationship is valid is likely dependent on the source. The VLCFAs are much 
less likely to be influenced by non-terrestrial sources that are not of plant origin, although aquatic 
VLCFA sources, such as algae and diatoms (Gillan et al., 1981; Kling, 1998; Lang et al., 2011), 
must be considered, particularly for riverine, lake and estuarine sediment samples. These aquatic 
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sources may have an influence on FAs of chain lengths C20:0-C24:0, the degree to which may 
be highly variable. As part of this CSSI project, we also analyzed all samples for %C content, 
with insight into the type of variability associated with the analysis which may have an effect on 
apportioning outcomes (Reiffarth et al., in revision). 
The experience of our group regarding VLCFA analysis by GCC-IRMS has been that, if 
reliable 13C isotope data can be obtained, the issues regarding obtaining reliable quantitative data 
by GC-FID are less significant. None of the information published thus far regarding the CSSI 
technique has addressed the concern of adequate purification and reproducibility of FA isotope 
data, nor has the quality of separation achieved by the extraction and purification techniques 
used been discussed. 
We present here some of the results obtained by processing and analyzing more than 400 
samples for CSSIs at the University of Northern British Columbia (UNBC), Canada. All of the 
work was performed at UNBC, which allowed for careful examination and interpretation of the 
GC-FID and GCC-IRMS data generated. Careful review of each chromatogram (GC-FID, GCC-
IRMS) and the ability to adjust for misinterpretations by the software on a per-sample basis 
ensured a reduction in potential errors and erroneous data. The results demonstrate that the 
extraction, purification and analytical methods used here resulted in chromatograms that 
exhibited good separation for VLCFAs. We recognize that more research needs to be performed 
in the development of suitable extraction, purification and analytical techniques in order to create 
a robust and reliable CSSI tool used for tracing, including additional validation of the method. 
We have included current and future research objectives in this regard at the conclusion of the 
paper. The ultimate objective is to establish a well-validated protocol for CSSI soil and sediment 
tracing with transparency as to the effectiveness of the technique. 
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We developed the method using soil samples obtained in the Horsefly River Watershed 
(HRW; located in British Columbia, Canada) and the South Tobacco Creek Watershed (STCW; 
located in Manitoba, Canada), which were part of a larger sediment fingerprinting study. Most of 
the methodology was developed using HRW samples, as a greater mass of material for each soil 
sample had been acquired from that location. The results presented here, however, include the 
analysis of the STCW samples, which constituted approximately 320 of the samples.  
Several objectives were identified, which were to: (i) develop a method that provided a highly 
purified VLCFA extract that when analyzed by GC-FID and GCC-IRMS showed excellent 
separation of peaks, resulting in reproducible data for quantitative and 13C analysis purposes; (ii) 
evaluate the effects of sonication on the quantification of VLCFAs and on δ13C values; (iii) 
evaluate the effect of derivatization (methylation) on δ13C values in the conversion of FAs to 
FAMEs; (iv) and develop appropriate protocols for the analysis of VLCFAs by GC-FID for 
quantification purposes and by GCC-IRMS for δ13C determination. Additional information about 
methodology and results and discussion may be found in the supplemental file. 
4.3 Materials and methods 
Figure 4.1 illustrates the approach to analyzing samples for sediment fingerprinting. The 
review by Reiffarth et al. (2016) discusses many of the storage and processing considerations 
encountered in this analysis and provides several recommendations related to soil and sediment 
handling; the approach presented here is based on information that led to those 
Figure 4.1. Scheme illustrating the various steps involved in the analysis of mid- and long-chain saturated fatty 
acids for the purpose of sediment tracing. Corresponding section numbers for each topic are indicated.
- 134 - 
 
recommendations. The focus of this paper will be on pre-extraction through to data processing, 
although information on sample collection and drying is included. 
4.3.1 Study sites and sampling 
The majority of HRW samples were obtained from a pasture field planted with canary reed 
grass (C3 vegetation); the mountainous regions surrounding the pasture were mostly sub-boreal 
spruce (Government of British Columbia, 2016), interspersed with poplar trees. A sampling site 
upstream (~33 km) was forested mostly with cedar and hemlock. Cores were acquired using an 
ABS pipe with a length of 12.7 cm and 7.6 cm ø. Surface vegetation, including attached roots, 
and any organic detritus, was removed from the cores. 
Some re-suspended sediment samples were also acquired from the Horsefly River. Re-
suspensions were carried out by using a large cylindrical container with the bottom removed and 
carefully working the bottom into the river bed to create a seal. Care was taken to ensure the 
individual performing the collection was downstream of the cylinder. A trowel was used to 
agitate the river bed. Approximately 10 s were allowed to pass after agitation and before 
collection in order to allow heavier particles to separate out from the resuspension. A Nalgene® 
bottle was used to collected water samples for the next 10 s, and the process was repeated until a 
20 L pail was filled. The sediment was allowed to settle in the pail for 48 h before gravity 
syphoning to lower the water level in the pail. Volume was further reduced by careful syphoning 
using a vacuum line. The remaining liquid was removed by transferring the sediment and 
remaining water to 250-mL centrifuge tubes, centrifuging for 20 min., and decanting the 
supernatant. The sediment was then allowed to air dry. 
The majority of the STCW samples were obtained in a sub-catchment of the STCW referred 
to as the Steppler Watershed, with some sampling of downstream sites. The fields were 
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agricultural and planted with annual C3 crops since at least 2008, surrounded by riparian areas 
that acted as flow paths and were also used as cattle paths. Soil samples were acquired to a depth 
of 12.5 cm and 3.2 cm ø, with organic surface material removed, using a JMC Backsaver (JMC 
Soil Samplers, Newton, Iowa, USA); core depth was selected based on capturing a representative 
sample of tilled soil, which is usually to a depth ~15 cm (Berner et al., 2008). The selected 
coring depth also represents the A horizon, which is typically 10-20 cm (Bull et al., 2000; 
Hancock and Revill, 2013). 
The primary soil type for samples collected in the HRW was classified as a Gray Luvisol 
(Lord, 1971; Soils of the Horsefly Area, British Columbia, 1984), whereas the soils in the STCW 
were classified as Gray Chernozems (Tiessen et al., 2010), although the riparian, uncultivated 
areas adjacent to the South Tobacco Creek were classified as a Regosol (Hope et al., 2002; Liu et 
al., 2009).  
While not part of the original study area, a set of 27 samples originating from the Nelson 
River basin in Manitoba were processed at UNBC, which provided an additional opportunity to 
examine method development. Specifically, the samples were suspected to contain large amounts 
of biofilm, which created extraction challenges by PSE. Reference to the set of samples has been 
made in the manuscript in the context of methodological development of VLCFA purification 
and analysis. 
4.3.2 Sample preparation 
4.3.2.1 Storage and drying 
Samples were stored at either -20°C or -40°C. Most HRW samples were dried at 100-105°C 
for 24-48 hours. Some STCW samples were dried under the same conditions, but the majority 
were dried at 60°C for 48 hours. A loss of volatiles was possible; freeze drying was not used due 
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to the large number of samples involved, and there is no clear evidence in the literature that one 
drying method is superior to another for the analysis of saturated VLCFAs as the vapor pressure 
of these types of compounds is very low (Yuan et al., 2005). Bulk carbon values may have been 
affected slightly. 
Visible organic material (leaves, large roots, fauna) and larger inorganic material (stones) 
were removed manually during the grinding of dried samples by mortar and pestle. Larger fine 
root material was removed, but smaller root material remained in some cases due to the 
impracticality of removal. All samples were dry sieved to <850 µm, after which they were stored 
in centrifuge tubes and frozen. 
4.3.2.2 Sonication 
Samples were sonicated using a 4:1 ratio of solvent to mass of soil used e.g. for 25 g soil, 
100 mL of solvent were used (Yang et al., 2009). The solvent mixture was a combination of 
dichloromethane (DCM), hexanes (Hex) and methanol (MeOH) in a 9:7:1 ratio (v/v; solvent A). 
Solvent A adequately dissolved VLCFAs >C28:0 as determined using pure standards; limited 
solubility was observed using a combination of DCM/MeOH mixtures (97:3 and 93:7, v/v) for 
standards prepared to 50-200 ppm (w/v) for a range of VLCFAs to C30:0 under ambient 
conditions. 
Samples were sonicated using a Misonix S-4000 sonicator to disaggregate and homogenize 
samples. A solid-tipped extension horn (12.7 cm) with a 1.3 cm ø tip was used for non-aqueous 
solvents. Most samples from the HRW were sonicated to an energy of 10 kJ over a period of 7 
minutes with 200 mL of solvent A, unless otherwise noted, and were not placed in an ice bath, 
resulting in average sonication energies of 50 kJ/mL. The initial protocols used in the HRW were 
based on early literature review. However, further literature review suggested that 
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homogenization of various soil types (e.g. clay, sand, organic) was best achieved by applying 
larger quantities of energy. Modification of the procedure resulted in sonication times of 
approximately 45 min. for STCW samples using a pre-determined program with the flask 
containing the sample being placed in an ice bath with a magnetic stirrer. Applied sonication 
energies ranged from 250-841 kJ/mL, with an average of 480 kJ/mL, as determined by the 
sonicator. The range of sonication energies was due to the composition of the samples (e.g. clay, 
sand, organic).  
Samples were evaporated to dryness after sonication. The combination of sonication and 
solvent A in itself would be considered a viable VLCFA extraction method (Alewell et al., 2016; 
Chamberlain et al., 2004; Hancock and Revill, 2013). Care was taken to rinse the residue in the 
round bottom flask into the extraction cell using small portions of solvent A to prevent losses. 
Excess solvent was reduced from the top of the extraction cell using a stream of N2 to ensure safe 
loading of the extraction cells into the heated extraction block. 
4.3.2.3 Extraction 
Extraction was performed using a Büchi E-916 (Büchi Labortechnik AG, Flawil, Switzerland) 
pressurized solvent extractor (PSE) equipped with 40-mL extraction cells. The cells were 
prepared as per the manufacturer’s instructions using cellulose filters. Glass wool was placed at 
the bottom of each cell to minimize potential clogging and reduce the transfer of fine particulate 
matter into the lines. The prepared cells (devoid of sample) were pre-rinsed in the extractor while 
leak testing the instrument. Soil samples with finer particulates caused issues, particularly those 
rich in carbonates, as well as suspended sediment samples, resulting in clogging of the extraction 
lines. All PSE extractions were performed at 125°C in three cycles with a static time of 
15 min./cycle (Quénéa et al., 2012) at 100 bar. Total extraction time was approximately 1.25 h. 
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Drying of extracts was performed using a combination of 
rotary evaporator, N2, and oven drying at 60°C. 
Although no difficulties were encountered with HRW and 
STCW samples, soxhlet may be a preferred method for 
samples that are particularly fine in order to achieve effective 
extraction (Wiesenberg et al., 2010). Sediment samples 
which were suspected to be rich in biofilm, for example, did 
not extract well using the PSE, but were successfully 
extracted using a combination of solvent A, with extraction 
times of 40-48 h. The suspected biofilm samples were not 
analyzed to confirm biofilm composition, but the presence of 
large amounts of insoluble polymer during extraction, 
accompanied by putrid odors of decay, suggested biofilms 
were present. 
4.3.2.4 Purification 
Extracts were separated into compound classes (neutral, basic, acidic) according to a scheme 
published by Willsch et al. (1997). In order to accomplish the separation, three types of silica 
were prepared. Silica gel (Silicycle Inc., Quebec City, Canada; 230-400 mesh, 40-63 µm, 60 Å) 
was thermally treated (TT) at 200°C for 1 h, followed by treatment at 600°C for 2 h in a muffle 
furnace, resulting in the removal of unwanted organics, water, and deactivation of the silica (El 
Rassi et al., 1976). Mildly acidic silica was prepared by treating TT silica with 3% methanolic 
HCl in freshly dried and distilled MeOH. Basic silica was prepared by mixing potassium 
 
Figure 4.2. Scheme showing the two 
column setup in a) and 
three column setup in b) 
used for purification. 
a) b) 
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hydroxide (KOH) with TT silica in MeOH followed by overnight drying at 60°C and grinding in 
a mortar and pestle to remove clumps. 
A pump suitable for low-pressure liquid chromatography (LPLC) was used in conjunction 
with Michel-Miller filter columns (8 mm ID x 8.5 cm; Ace Glass Inc., NJ, USA). The two-
column setup (Figure 4.2a) was determined to have a limitation of ~24 mg of crude extract, and 
the three-column setup (Figure 4.2b) ~48 mg. 
The columns were conditioned using a mixture of 60% DCM/Hex by volume (solvent B; 
HPLC grade or better) prior to loading of extracts. Post-conditioning, crude extracts were loaded 
using a total volume of 3 mL of solvent A for the two-column setup and 6 mL for the three-
column setup. Solvent B was used to push the crude extracts through the system; a total of 
60 mL was used for the two-column setup, and 80 mL for the three-column setup, allowing for 
the majority of lower molecular weight (MW), non-acidic, compounds to be removed with 
retention of the acid compounds at the head of the basic (KOH) column. 
The basic column was then detached and flushed with a 1% formic acid/solvent A mixture 
(v/v; solvent C) to re-mobilize the FAs, allowing for collection. Solvent C could not be stored for 
extended periods of time (3-4 days). The FA-containing eluent was evaporated to dryness and 
then co-evaporated three times with HPLC grade chloroform (CHCl3) to form a low boiling point 
azeotrope and remove formic acid residues which, if not removed, consumed large quantities of 
methylating reagent.  
An internal standard (ISTD; 350 μL of a 500 ppm solution (v/v) in n-heptane) of eicosane was 
added to the resulting residues. Another 4 mL of solvent A were added, followed by a small 
amount of Dowex H+® ion exchange resin to promote re-acidification of FAs that may have been 
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trapped in salt form upon elution from the KOH column. The mixture was allowed to stand for 
20 min. to 1 h before the resin was filtered off and the residue dried. 
4.3.2.5 Derivatization to FAMEs 
Diazomethane (CH2N2) was used as the methylating agent. Diazogen (N-Methyl-N-
nitrosotoluene-4-sulphonamide, trademark Diazald®), the precursor to diazomethane, was 
produced in-house due to a lack of commercial availability in Canada. The method of synthesis 
followed the one published in Organic Synthesis (1963). Purity of the diazogen was verified by 
1H-NMR analysis. Diazomethane was synthesized at an approximately 50 mmol/mL 
concentration according to MilliporeSigma (Oakville, Canada) technical bulletin AL-180 using 
the Mini Diazald® apparatus. Approximately 0.5-1 mL of CH2N2 was used for each sample. The 
CH2N2 was kept cold in an ice bath to prevent evaporation of the ethereal solution. Excess 
reagent was stored at -20°C. The vials were capped, the solution was swirled until homogeneous, 
and allowed to sit for a minimum of 20 min. The FAMEs were then evaporated to dryness using 
N2. Prior to running on the GC, derivatized samples were filtered through pre-rinsed standard 
silica gel to remove polar, coloured compounds. 
4.3.3 Analysis of FAMEs by GC-FID 
Samples were analyzed on a Varian GC-3800 with CP-8400 autosampler equipped with an 
FID (Santa Clara, CA, USA) for detection and quantification of FAMEs. Helium (He) 5.0 was 
used as the carrier gas. Samples were injected at a 10:1 split with a 45 psi pulsed injection 
(0.3 min. duration), injection volume of 1.5 μL and a flow rate of 2 mL/min. (constant flow). The 
injector temperature was set to 260°C. The oven was configured with an initial temperature of 
150°C, held for 2 min., then ramped at 1.7°C/min. to 250°C. For standards, the hold time at 
250°C was set to 10 min. which allowed C32:0 to elute; samples had a hold time of 25 min. for a 
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total run time of 86 min., thereby reducing sample carryover. The FID was set to 280°C with an 
H2 flow of 30 mL/min., air flow of 300 mL/min. and makeup flow (N2) of 25 mL/min. A 3.4 mm 
deactivated split/splitless liner packed with quartz wool was used with a Merlin Microseal 
(Merlin Instrument Company, Centennial, CO, USA) septum and 5-μL syringe. 
A 60 m x 0.25 mm ID and 0.25 μm film thickness BPX-70 column from SGE Analytical 
Science (Australia) was selected for the analysis. An additional 2 m of the same column type was 
added to the injector side of the column and connected to the main column using a zero volume 
SilTiteTM (SGE Analytical Science, Australia) connector, which acted as a pre-column and 
allowed for trimming. When the column showed signs of activity, as evidenced by significant 
peak tailing, the column was discarded. In some cases, solvent rinsing the column with 
approximately 20 mL of DCM prolonged column life and restored performance. 
Quantification of FAMEs was performed using an ISTD. The relative response factor (RRF) 
of each batch of four samples was determined using a 250-400 ppm solution containing 
commercially available standards C17:0, C20:0, C22:0, and the odd-chain VLCFAs C25:0-
C29:0 added to a pre-mixed solution of even-chain FAMEs C24:0-C32:0 (Matreya LLC, USA, 
p/n  #2011). 
4.3.4 Analysis of FAMEs by GCC-IRMS 
Isotope data were acquired on a Delta V Advantage continuous flow IRMS (Thermo Fisher 
Scientific, Waltham, MA, USA) interfaced with a ConFlo IV, GCC(III) combustion unit, and 
Agilent 6890A (Santa Clara, CA, USA) GC with A200S autosampler. The IRMS was tuned at 
least daily for sensitivity, stability and linearity according to manufacturer’s operating 
procedures. Samples were only run if the instrument was operating within the manufacturer’s 
specifications.  
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Samples were run on the GC coupled to the IRMS using the same conditions as for GC-FID 
analysis with a few modifications due to physical differences between the instruments. The 
carrier gas was He 5.0. The injection volume was adjusted to 3.5 μL. A pre-packed deactivated 
recessed gooseneck 4 mm liner with quartz wool (SGE Analytical Science, Australia, p/n 
092223) was used. The liner selected provided the best response (peak intensity) of several liners 
tested. A Merlin Microseal reduced the possibility of activity in the inlet, which may occur when 
particles from the septum are produced after multiple injections. The column flow rate was set to 
1.6 mL/min. to reduce the possibility of isotopic fractionation. The flow rate resulted in 
analytical times of 96 min. (hold time 35 min.) for samples and 66 min. for standards. The 
combustion oven of the GCC(III) was set to 980°C, and the reduction oven to 650°C. 
Commercially available FAME isotope standards were purchased from Arndt Schimmelmann 
at Indiana University, USA. The two standards used were methyl icosanoate (C20:0) #Z1 (δ13C -
30.54‰) and #Z2 (δ13C -10.53‰). Two additional in-house standards (C17:0 and C22:0) were 
added to evaluate IRMS performance between runs. The standard deviations for C17:0 and 
C22:0 (n=64) were found to be 0.17‰ and 0.39‰ respectively. The eicosane ISTD was used to 
evaluate intra-batch variability. Three reference gas pulses of 13CO2 (LaserStar 4.5, Praxair, 
Canada) were measured at the beginning and two at the end of each run. 
The following sequence was undertaken for each set of three unknowns analyzed: 
oxygenation (research grade O2) for 1 h followed by He backflush for 1.5 hours; two runs of the 
eicosane ISTD, followed by two runs of the standard solutions (C17:0; C20:0; C22:0); three 
samples; one run of the standard solution. 
- 143 - 
 
The FAME methyl correction factors were determined for each batch of diazogen by EA-
IRMS analysis. The EA-IRMS conditions were the same as those published by (Reiffarth et al., 
in revision). 
4.4 Results and discussion 
4.4.1 Quantification of FAs by GC-FID 
The considerable change in instrument response during GC-FID analysis made it necessary to 
use a combination of ISTD and RRFs to quantify FAMEs. Four samples (unknowns) were 
bookended by a solution containing FAME standards and ISTD (eicosane). The RRFs 
determined prior to and after a group of samples were run were averaged and the mean values 
were used to calculate the RRFs. High and low RRF checks were performed periodically within 
a batch to evaluate instrument response. The RRF values were calculated according to Equation 
4.1: 
RRF= (PAunk)([ISTD])(ሾXሿunk)(PAISTD) Equation 4.1 
where PAunk is the peak area of the unknown FAME, [ISTD] is the concentration of the ISTD in 
ppm, [X]unk is the concentration of the unknown FAME in ppm, and PAISTD is the peak area for 
the ISTD. Measured FAME values included C17:0, C20:0, C22:0, C26:0-C30:0, and C32:0. The 
commercial C25:0 standard which was included as part of the standard solution was highly 
impure, with C23:0 and C24:0 FAMEs as the major impurities, and thus C24:0 and C25:0 were 
not included in RRF calculations for this work. The RRFs for which standards were not run were 
estimated using the LINEST function in Microsoft Excel in conjunction with the quadratic 
formula. The analytically determined values for C17:0 through C28:0 were used as part of the 
estimation. 
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The change in RRFs with number of consecutive samples run is shown in Figure 4.3a after 
running 4, 20, 40, 60, and 100 samples. The values for C16:0 were extrapolated. A noticeable 
change in response occurred for FAMEs >C20:0 as the number of samples run increased, 
suggesting VLCFAs cannot be calculated using historical RRFs but rather need to be adjusted for 
continuously throughout the analysis. Although the RRFs after 100 runs appeared to increase, the 
variability of the RRFs also increased. The RRF-associated error is shown in Figure 4.3b; the 
relative standard deviations (RSDs) are based on the average of all samples run. The error 
increased with VLCFA chain length and with the number of samples run. The RSDs for the last 
eight samples run in the 108 sample data set for chain lengths >C29:0 were higher than 5%; for 
C32:0, the RSDs were almost 12%. A larger decrease in RSDs was observed when the number of 
samples run was reduced from 108 samples to 80 than from 80 samples to 60. The number of 
samples analyzed was thus capped at 80 before cleaning of the inlet and FID. The primary source 
of decreased instrument performance appeared to be due to possible buildup of contaminants on 
the FID. When the FID was left on without samples being run, performance appeared to be 
somewhat restored over time, indicating a slow accumulation of material that was not readily 
ionized and volatilized on the FID. Before the analysis of samples, the FID was allowed to burn  
 
Figure 4.3. a) Chart showing the RRFs of FAME standards, relative to the eicosane ISTD, after running batches 
of samples, with four samples per batch. Underlined chain lengths are GC-FID determined values. 
The number of samples run for each RRF curve is indicated. b) The RSDs associated with calculating 
the RRF for each group of four samples based on FAME chain length. 
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for approximately two hours, as it was found that the first batch of samples were highly variable 
due to detector response being affected by accumulated residues. 
Separation of FAMEs was adequately achieved using the GC methods and column setup 
described in the Methods section. A typical chromatogram is shown in Figure 4.4. Although a 
C19:0 standard has been incorporated in more recent samples that we have analyzed, 
occasionally existing concentrations of C19:0 have affected the ISTD values. One of the possible 
solutions would be to increase the concentration of the C19:0 ISTD to negate possible 
contributions from other sources; however, too large a peak may result in insufficient separation 
of peaks during GCC-IRMS analysis, as peaks tend to be much broader and not as definitively 
resolved. Examination of the several hundred chromatograms acquired for this project has 
indicated that impurities are minimal in the gaps between C20:0 and C24:0 FAMEs, suggesting a 
Figure 4.4. Typical GC-FID chromatogram showing the separation of saturated VLCFAs as FAMEs in the 
analysis of soil extracts from the South Tobacco Creek Watershed. Eicosane was used as the 
internal standard. The even-over-odd preference, characteristic of plant-related VLCFAs, is evident. 
Retention times are shown in parentheses. 
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suitable ISTD that elutes within this region is 
desirable, and could be used for quantitative 
purposes and potentially as an internal reference 
during isotope determination. 
4.4.2 Determination of δ13C values by GCC-IRMS 
The C17:0 and C22:0 in-house calibrated isotope 
standards were added to the commercially obtained 
standard (C20:0); a high and low C20:0 standard 
bookended the three samples in each group. All 
points were used in normalizing sample data. The median (M), mean (µ), and standard deviation 
(σ) of 30 consecutive measurements of C17:0 and C22:0, normalized using the C20:0 high and 
low standards, is shown in Figure 4.5. Although potential outliers are indicated in the boxplot, 
the mean, median and error calculations included the potential outlier values. Instrument drift for 
such long GCC-IRMS runs is always a concern; repetitive measurements of the in-house 
standard appeared to be well within expected error values (Fasciotti et al., 2017). 
The eicosane ISTD was used to further adjust δ13C values after normalization. In most cases, 
the ISTD 13C values were not greatly affected by impurities; when impurities appeared to affect 
the ISTD, as determined by examination of the GC-FID chromatogram, the ISTD value was not 
used, but values were adjusted for using the ISTD values of the two other samples run in the 
group. The ISTD values were averaged and the difference between the measured and known 
δ13C value of the ISTD was applied to all chain length of FAMEs. The eicosane ISTD, with a 
δ13C value close to the FAMEs being analyzed, showed stability between IRMS runs 
(δ13C [-31.44±0.07]‰, n=30) as indicated by the low error. 
 
Figure 4.5. The error associated with analysis 
of C17:0 and C22:0 in-house 
calibrated standards. Potential 
outliers are indicated by the circles.
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The normalization method for CSSIs would benefit from FAME ISTDs in three important 
ways: (i) an ISTD that is clear of most unwanted signals so that ISTD isotope values are not 
affected; (ii) a high and low ISTD that falls in the region of the VLCFAs, which would therefore 
lead to better drift corrections and a reduction in run times as external corrections would not be 
required; (iii) and an extension of the normalization curve that encapsulates the low FAME 
values often encountered. Most values are δ13C <-30‰, with some values as low as ~-45‰ 
encountered, although most were >-40‰. Extrapolation of the normalization curve is cause for 
concern as the associated error increases; in this analysis, only one anchor point was also used 
for the most positive value. 
The ideal location in the spectrum for an ISTD would be between the C20:0 and C24:0 
FAME peaks, particularly for isotope analysis, as peak broadening becomes a greater issue than 
with GC-FID analysis. A suitable commercial standard has not yet been found; an attempt to use 
a C20:1 standard resulted in good separation by GC-FID, but inconsistent isotope results, and at 
times imperfect separation. A C19:0 ISTD has been used by Alewell et al. (2016). Our own 
success with the C19:0 ISTD depended on the sample source and the resulting purity in the 
region; some HRW samples appeared to contain significant amounts of C19:0, and thus the 
standard was not included in the HRW and STCW analyses, although the STCW resulted in few 
peaks in the region. A C17:0 standard was also considered, but too many impurities were present 
for some samples, especially those from non-cultivated fields. 
Sediment samples, some of which potentially contained biofilms, were extremely high in 
concentration of the common FAs C16:0 and C18:0. Biofilm-related FAs would have 
accumulated in sediment samples of terrestrial origin during riverine transport, for example. Due 
to the much greater intensity of the signal for these common FAs and the associated broad peaks, 
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peak overlap negatively affected the acquisition of isotope values for FA chain lengths <C22:0, 
despite backflushing prior to combustion. Note that backflushing occurs post-GC column 
separation, with the purpose of preventing unwanted parts of the sample stream from entering the 
IRMS detector. The eicosane ISTD was similarly affected by a host of organic impurities when 
biofilms were present. Development and/or testing of analytical methods to effectively remove  
biofilms from sediment samples while producing reliable VLCFA concentration results needs to 
be undertaken where hierarchical tracing experiments using riverine sediments are to be carried 
out (Upadhayay et al., 2017) and potentially for riverine sediments in general where biofilms are 
a factor. 
The purity of the extract post-methylation had a major impact on GCC-IRMS analysis. 
Discolouration was an indication of the presence of non-volatile, high MW impurities. After only 
10-12 highly coloured samples having been run on the GCC-IRMS, isotope fractionation led to 
unreliable results as determined by running C17:0, C20:0 and C22:0 standards, despite good 
peak separation and shape in the chromatogram. Additional consequences included a significant 
amount of time spent reverse flushing the GC column with DCM and the cleaning and replacing 
of GC components. Clogging of the combustion tube and degradation of the GC signal occurred 
prematurely, leading to irregular peak shapes and highly variable and unreliable isotope data. 
Derivatization to FAMEs allowed for separation of the FAMEs from the more polar, coloured 
  
Figure 4.6. Typical chromatogram produced during the analysis of VLCFAs after successful purification 
following the procedures outlined in the methods section.  
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impurities prior to analysis by filtering through standard silica. It should also be noted that no 
difference in the quantification of FAMEs after filtration was detected when compared to 
concentrations prior to filtration i.e. recovery of FAMEs was quantitative. A typical IRMS 
chromatogram as acquired by the Isodat software during the analysis of STCW samples is seen 
in Figure 4.6. 
4.4.3 Procedural considerations in VLCFA processing 
4.4.3.1 Solvent selection and quality 
A combination of DCM:Hex:MeOH was used in a 9:7:1 ratio (solvent A)  for all VLCFA 
samples. Two commercially available FA standards were used to test the solubility of VLCFAs 
in a variety of solvent combinations in ambient conditions: C22:0 and C30:0. Although 
measurements were not taken to determine the degree of solubility in the various solvent 
combinations used, only the solvent A combination was able to dissolve both mid-chain and 
VLCFAs. Despite stirring and the use of a sonication bath, various combinations of DCM/MeOH 
(Blake et al., 2012) or using pure DCM (Gibbs, 2008; Mabit et al., 2018) did not fully dissolve 
C30:0. 
Approximately 30 mg of C19:0, C22:0 and C30:0 were dissolved in 1.5 mL of solvent A for 
the purpose of methylation; C19:0 and C22:0 readily dissolved, whereas C30:0 only partially 
dissolved. The CH2N2 solution was an ethereal one; further addition of DCM (~1 mL) to the 
mixture allowed for complete solubility, eventually. The yellow colour of the solution indicated 
that CH2N2 had not been depleted, suggesting solubility was an issue in the conversion of the FA 
to the methyl ester. The FA concentrations of the extracts are at least two orders of magnitude 
lower, with impurities in the mixture which will likely affect the solubility of the FAs in a natural 
sample. 
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All solvents should be HPLC grade or better. One of the brands of DCM HPLC grade solvent 
that was used for some of the samples in the analysis resulted in evaporative residues that 
produced peaks which overlapped with C16:0 and C18:0 FAMEs when analyzed by GC-FID, 
affecting the quantification of FAMEs and determination of isotope ratios for those FAs. 
Consequently, C16:0 and C18:0 were omitted as part of the results, although these were not the 
FAs that were being focussed on. Solvents were thereafter tested for evaporative residues by 
concentrating approximately 250 mL of the solvent and redissolving the residue in 1 mL HPLC 
DCM, followed by GC-FID analysis. 
4.4.3.2 Sonication as a pre-extraction step 
The use of a sonicator as a pre-extraction step was implemented because of the varying 
stability of aggregates that may be encountered in a soil/sediment tracing study. Stability varies 
considerably depending on the type of tillage that a cultivated field is subjected to (Kasper et al., 
2009; Schomakers et al., 2011), as well as soil type (Mentler et al., 2004; Schomakers et al., 
2015; Travnikova et al., 2006). Non-cultivated soils have been shown to contain more stable 
aggregates than cultivated soils (John et al., 2005), with considerations needing to be made 
regarding the effect of rainfall (Cerdà, 2000) and snowmelt (Li et al., 2007; Tiessen et al., 2010) 
on the disaggregation process, as well as freeze-thaw cycles (Oztas and Fayetorbay, 2003). 
The disaggregation of soils may lead to a release of older carbon that influence δ13C values, 
whether specific to lipids (FAs) or bulk carbon. An increase in the age of soil carbon has been 
observed to occur with a decrease in particle size (Bol et al., 2009; Flessa et al., 2008). As little 
was known about the possible transformations that occurred specifically with the samples 
collected as a result of residence time, tillage, and transport, transformations affecting 
downstream sediment and aggregate stability, all samples were sonicated prior to extraction. 
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The graph in Figure 4.7 shows the particle organic matter (POM) distribution for various 
organic classes of compounds as determined by Bol et al. (2009) using pyrolysis-GC analysis. 
The lipid fraction is notably distributed throughout all particle size fractions, indicating larger 
POM should not be disregarded in soil and sediment tracing approaches. Enrichment of the clay 
fraction by lipids was found to occur in a fertilized soil; however, an unfertilized soil showed 
slightly lower concentrations of lipids in the clay fraction (<2 µm) than in the silt fraction of 2-
63 µm (Jandl et al., 2004). Bol et al. (2009) reported the clay fraction contained up to 67% of the 
total organic matter in the soil; Flessa et al. (2008) reported clay and silt fractions containing up 
to 88% of the organic carbon in the soil. Roscoe et al. (2001) also reported organic matter 
enrichment of the clay fraction. The focus of most CSSI tracing studies has often been on finer 
particle sizes (Blake et al., 2012; Hancock and Revill, 2013; Mabit et al., 2018), which would 
likely result in loss of lipid content for quantification purposes, as well as skew the isotope value 
of contemporary carbon inputs i.e. the carbon being traced may reflect historical inputs. Indeed, 
Bol et al. (2009) found that the POM fraction contained pyrolysis products that were more 
reflective of those found in maize leaves, the predominant vegetation of the cultivated soil. These 
findings suggest the POM fraction may better reflect contemporary VLCFA inputs. The dynamic 
between particle sizes susceptible to transport and 
formation of such particles sizes through natural 
disaggregation mechanisms is thus not easily resolved 
when analyzing a variety of potential sediment 
sources. 
Various levels of energy have been investigated in 
the literature to determine the “correct” amount of 
Figure 4.7. Distribution of organics based 
on classes of various particle 
size fractions of a Cambisol 
soil under maize. Error bars 
show standard deviation of 
duplicate analysis. Reproduced 
from Bol et al. (2009). 
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sonication energy to apply to a sample. Roscoe et al. (2000) suggested a minimum energy of 
260-275 J/mL as determined by sonicating a Dark Red Latosol; Yang et al. (2009) found that a 
sonication energy of 600-790 J/mL was required for complete dissociation of fine-textured soils 
(clay and clay loam), and 250 J/mL for medium- and coarse-textured soils (silt loam, sandy 
loam), with increased clay content requiring higher energies for complete dissociation. Kasper et 
al. (2009) used an energy of 8.92 J/mL on a cultivated, sandy loam soil, with increased 
sonication times leading to greater disaggregation. A wide range of sonication energies has 
therefore been investigated in the literature. 
Yang et al. (2009) indicated that sonication led to a redistribution of OM between size 
fractions (sand, silt, clay), but differing energy levels (50-1500 J/mL) did not affect the total 
amount of carbon. Kasper et al. (2009) found an increase in sonication times led to an increase in 
dissolved organic carbon. Roscoe et al. (2000) observed a slight decrease in bulk carbon δ13C 
values for all fractions as sonication energy increased. 
Despite using similar conditions for all sonicated samples from the STCW, the amount of 
energy transferred, as indicated by the sonicator, ranged from 250-841 J/mL, with an average of 
480 J/mL. The greatest sonication energy (841 J/mL) was recorded for a sample rich in 
carbonates and almost chalk-like, and indeed produced the highest energy transfer extremes of 
all the samples for five of six sampling periods. A pre-programmed method was used for 
sonication for practical purposes, with an attempt to disaggregate all STCW samples as best 
possible within what was considered to be a reasonable amount of time. 
4.4.3.3 Extraction 
The improved solubility of VLCFA standards in solvent A (DCM/Hex/MeOH) under ambient 
conditions led to solvent A being used as the extraction mixture for PSE-extracted samples. A 
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large number of the STCW samples had already 
been extracted using solvent A when the solvent 
combination of 93% DCM/MeOH was revisited 
as an extraction solvent for three of the HRW 
samples. The crude extract quantities obtained 
for the three samples run in the DCM mixture 
were greater than when solvent A was used, 
although one of the extractions resulted in what 
appeared to be an anomaly of ~6x the expected 
amount of crude extract. The VLCFA concentrations, however, did not exhibit such a high ratio. 
The quantity of VLCFAs obtained using the DCM mixture were the same or greater, in many 
instances, than using solvent A (Figure 4.8). Too few samples were analyzed, and the 
concentrations of VLCFAs were quite low, to definitively conclude that the 93% DCM/MeOH 
mixture was superior in the extraction of VLCFAs. All samples were extracted with solvent A in 
order to remain consistent with the results. Note that under elevated temperatures and pressures, 
the use of solvent A may not have necessarily been beneficial over other solvent combinations, 
in contrast to use under ambient conditions noted earlier. Further work needs to be performed in 
order to determine which solvent combination is superior for extractions of all VLCFAs, if 
sonication plays a role, and if soil type influences outcomes. The reproducibility using soxhlet 
also needs to be investigated. 
Of the three DCM/MeOH extractions, sample 34D (Figure 4.8) produced VLCFA δ13C values 
(≤C23:0) that appeared abnormal when compared to the solvent A extractions. The vastly 
different result, particularly for C21:0, was considered to be an anomaly and not a product of the 
Figure 4.8. Duplicate analysis of sample 34 and 
complementary core sample 35. Line 
graphs indicate δ13C values and bar 
graphs VLCFA concentrations. Samples 
34C and 35B were extracted using 93% 
DCM/MeOH and 34D and 35E solvent 
A. 
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solvent used for extraction but more likely a concentrations and hence GCC-IRMS detection 
issue. Sample 34D was a complementary core to sample 34C; the term complementary in the 
manuscript refers to multiple cores that were acquired within a 1 m radius of a specific sampling 
site. 
4.4.3.4 Recovery of FAs 
The set of 27 Nelson River related samples mentioned in the Methods section were used to 
evaluate VLCFA recovery using a C19:0 ISTD, with the ISTD added post-extraction and pre-
purification. After having reviewed the STCW chromatograms, very few chromatograms showed 
significant peak areas in the expected C19:0 region, and thus the use of a C19:0 ISTD was 
revisited. The eicosane ISTD was also added as with prior analyses. Two of the 27 samples were 
particularly high in biofilms, leading to both the highest and lowest recovery of C19:0; no C19:0 
isotope data could be obtained for the samples due to numerous impurities, and thus the samples 
were excluded. The isotope data for VLCFAs ≥C22:0 could still be corrected using the eicosane 
ISTD as had been performed on the HRW and STCW samples. 
The C19:0 ISTD concentration could have been influenced by existing C19:0 FAs in the 
samples. Additionally, the C19:0 ISTD was calculated based on an eicosane ISTD that was 
added post-purification during treatment of the FAs with Dowex H+® resin. The same method of 
delivery was used for both ISTDs. The concentration of both ISTDs was calculated as 500 ppm 
(w/v) during preparation; 350 µL of the standards were added to the solution. The recovery of 
the C19:0 FA standard in the form of a FAME was calculated by using RRFs and converting the 
resulting FAME concentrations to FA concentrations. The expected recovery was 175 µg of 
C19:0 FA. The actual recovery had an average of [157±10] µg, resulting in a RSD of 6.30%. 
Analytical error due to GC-FID analysis is assumed to be low for C19:0, as the variability in 
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RRF calculations for C17:0 and C20:0 were also low. The isotope values for eicosane and C19:0 
(methyl-corrected) were determined to be δ13C [-31.81±0.18]‰ and [-31.24±0.44]‰ in the 
sample set, respectively. The δ13C error values for the C19:0 ISTD were higher than for the 
C22:0 standard that had been run externally with each sample batch, suggesting impurities in the 
C19:0 region of the samples may have contributed to δ13C values. 
Based on the concentration of the C19:0 standard initially added prior to purification, 
recovery of the FA was approximately 90% with the previously stated error. For the purpose of 
sediment tracing, the absolute FA concentration is not critical to apportioning sources. Producing 
reliable relative concentrations, however, is necessary, and if absolute values are desired, a 
consistent recovery percentage may be used to estimate absolute concentrations. Samples were 
run on both the two and three column setup (Figure 4.2), indicating consistency between the two 
methods and that the appropriate amount of solvent was used to load the samples for purification. 
During method development too little of solvent A during sample loading resulted in inadequate 
migration of the FAs through the column(s); too much solvent and the FAs were not retained on 
the KOH column, specifically due to an increased volume of MeOH. 
The recovery percentage has not yet been exhaustively tested with lower concentrations of 
ISTD. A test on the effect of Dowex H+® on isotope values during the purification process using 
~45 ppm of C22:0 and ~50 ppm C30:0 FA standards found recovery rates of 82-90% after 
undergoing the purification and subsequent steps noted in the Methods section. An 82% recovery 
was found for C22:0 after 20 minutes of treatment with Dowex H+®, which increased to 90% 
after 1 hour. For C30:0, a recovery of ~90% was observed for both treatments. Without Dowex 
H+® treatment, C22:0 FA recovery was also ~80%; however, C30:0 FA recovery was only 
~65%. The low recovery of C30:0 observed early on during method development prompted the 
- 156 - 
 
addition of the acidic resin, as flushing of the KOH column to remove FAs may have resulted in 
some FAs present as the potassium salt. The presence of MeOH in the solvent used for eluting 
the FAs would be sufficient to potentially mobilize the salts without reprotonation by the formic 
acid. The FA salt would then be unable to react with the CH2N2 methylating agent, leading to 
losses in FA concentration. Treatment with Dowex H+® resin appeared to have aided in the 
recovery of VLCFAs, particularly for the longer chain ones. 
The Dowex H+® did not appear to have an impact on δ13C values despite the presence of a 
small amount of MeOH in the solvent and the acidic environment. A slight negative bias in δ13C 
values for C22:0 and C30:0 FAME standards that had undergone purification was, however, 
observed relative to non-purified standards. The bias appeared to be consistent for both chain 
lengths, which indicated absolute δ13C values may have been affected, but not relative ones, with 
variability generally not greater for purified and treated samples than for pure standards. 
4.4.3.5 Influence of methylating reagents 
A common method for reducing the polarity of FAs in order to convert them into compounds 
that are conducive to GC analysis using non-polar stationary column phases is through 
methylation of the carboxylic acid group to methyl esters. The production of FAMEs from FAs 
is usually preferred, compared to other derivatization methods such as trimethylsilylation (TMS), 
because only one carbon and its associated isotopic signature is introduced into the FA. The 
contribution of the FAME methyl ester carbon to each FA analyzed was determined by EA-
IRMS using Equation 4.2 (Pelz et al., 1998): 
δ13CFA ൌ δ
13CFAME-ሺ1-Xሻδ13Cmethyl
X Equation 4.2 
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where X is the fractional contribution of the free FA to the methyl ester; δ13Cmethyl refers to the 
δ13C value for the added methyl group; δ13CFA refers to the δ13C value for the free FA; δ13CFAME 
refers to the δ13C value of the same FA when methylated. 
The addition of the methyl group during derivatization will always introduce error through the 
newly introduced carbon atom, whose δ13C value needs to be determined. The error may be 
reduced by selecting a methyl donor whose 13C values are similar to that of the analyte (Rieley, 
1994). In the case of BF3-MeOH, the solution could be prepared using MeOH with a similar δ13C 
value as the VLCFAs being analyzed; however, drawbacks to the method include the need to 
reflux the reaction mixture at high temperature, if rapid conversion is desired, and the subsequent 
workup (Metcalfe and Schmitz, 1961). Some methylations have been performed at room 
temperature, which require extended periods of time (Duan et al., 1997).  
The use of BF3-MeOH does have the advantage that, mechanistically, nucleophilic attack of 
the alcohol on the protonated carboxylic acid carbonyl carbon will not introduce a primary 
kinetic isotope effect (KIE) (Rieley, 1994). In contrast, the carbon of diazomethane bonds 
directly with the carboxylic acid to form the methyl ester, which now introduces the possibility 
of a primary KIE. The selection of either reagent is therefore a balance between potential errors 
introduced into the analysis, safety considerations, and practicality. 
Recovery of lipids has been linked to sample size with the use of BF3-MeOH (Solomon et al., 
1974), where varying quantities of FAs present in multiple samples may lead to inconsistent 
recoveries. The shelf-life of BF3-MeOH is also not very long, with the possibility of an increase 
in GC artefacts as the reagent ages (Fulk and Shorb, 1970). The potential value of BF3-MeOH 
should not be discounted; however, further research and/or reporting on the recoveries and 
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impact on the chromatographic spectrum (artefacts) regarding the use of the reagent as it pertains 
to VLCFA analysis would be beneficial before accepting the method as a standard approach. 
Blake et al. (2012) used methanolic HCl for the methylation of FAs to FAMEs, although the 
authors used %C values for soil apportioning, and were therefore not concerned with potential 
quantitative losses of FAs. Our laboratory also attempted using a 3% methanolic HCl solution 
produced in-house with methylation performed at elevated temperatures, but we found the 
recovery of FAs for quantitative purposes to be much more variable than the procedures used 
herein when a standard solution using C22:0 and C30:0 FAMEs was examined. 
Transesterification is also a possibility, as it is with any acid-catalyzed methylation, although the 
use of excessive reagent helps ensure the equilibrium favors the desired outcome (Graber and 
Tsechansky, 2010). Further verification of the method needs to be undertaken. Elevated 
temperatures used during methylation procedures may lead to artefact formation (Xu et al., 
2010), but how this may influence the analysis of VLCFAs is not clear. A review by Brondz 
(2002) discusses some of the quantitative and analytical aspects of selecting methylating reagents 
for which arguments may be made for and against different types of reagents. Antolín et al. 
(2008) discussed some methylation procedures of VLCFAs, although not specific to subsequent 
isotope analysis. Diazomethane was selected here because of the rapid nature of the methylation 
process, low temperatures involved in derivatization, a lack of post-methylation workup, and 
because the reaction mechanism does not allow for unwanted transesterification reactions to 
occur. The hazards of using (and producing) CH2N2 have been documented (Brondz, 2002), and 
may thus restrict its applicability to experienced users. 
Three different batches of diazogen were used for methylations using CH2N2. Diazald® that 
had been purchased through Sigma-Aldrich Canada (MilliporeSigma) was used to prepare the 
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first batch of diazogen used to produce CH2N2. The second and third batches of diazogen were 
synthesized in-house on two different occasions, from the appropriate chemical reagents, and 
were expected to result in differing δ13C values when synthesizing the CH2N2 reagent. Each 
batch was tested multiple times to determine the correction factor by methylating commercially 
available behenic acid (C22:0) with the CH2N2 for batch 1 and behenic and melissic (C30:0) 
acids for batches 2 and 3. Determination of the δ13Cmethyl value in Equation 4.2 was performed by 
multiple EA-IRMS analyses of a solid behenic acid standard and the derivatized FAME product. 
The first analyses using Diazald® resulted in a δ13Cmethyl value of -45.03‰. The two batches of 
diazogen that were produced in-house resulted in much more negative CH2N2 contributions than 
the commercially purchased Diazald®, prompting further investigation into possible differences 
due to KIEs. 
For the second batch of diazogen, C22:0 and C30:0 FA standards produced δ13Cmethyl values 
of -55.36‰ and -72.97‰, respectively. The disparity in the values indicated that the use of an 
average correction factor would be inappropriate. Determination of the correction factor for 
CH2N2 batch 3 was carried out using three FA standards: C19:0, C22:0 and C30:0 (the C22:0 
and C30:0 standards were from the same source as had been used for previous determinations). 
Approximately 20-30 mg of each standard was dissolved in ~1 mL of solvent A and then 
methylated and sealed in 1-dram Teflon sealed vials. Enough CH2N2 was added until the solution 
was a persistent yellow. The solution was swirled and uncapped to release any N2 that had built 
up. The C30:0 standard (30 mg) did not dissolve well in 1 mL of solvent A alone, and thus more 
DCM (~0.5 mL) was added. The C30:0 standard eventually dissolved and appeared to fully react 
after ~16 hours. The samples were then uncapped, allowed to evaporate and placed in an oven 
for 24 hours at 60°C. 
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Batch 3 was used to 
correct data for a sample set 
of 18 FA extracts. In the 
determination of the methyl 
correction factor, three FA 
standards (Figure 4.9) were 
methylated prior to the 
methylation (Before) of the 
extracts, and three thereafter (After), with a time differential of ~30 minutes. As noted, issues 
with C30:0 solubility may have affected the C30:0 values, resulting in greater variability in δ13C 
values for the C30:0 FA standard. The most intriguing result occurred for C19:0, which, when 
analyzed in triplicate by EA-IRMS, produced an average value much lower in the After samples 
than the Before. The difference in the values may have been a result of the KIE, temperature, and 
FA chain length combination. The CH2N2 may not have been temperature stabilized, despite 
being kept in an ice bath, although the C22:0 Before standard was methylated directly following 
C19:0, which accounted for a time lapse of less than two minutes. An increased reaction rate due 
to the shorter chain length of C19:0 and a temperature-dependent KIE may have been 
responsible for a larger impact on the δ13C value. In general, the extent to which the variability 
affects the correction factor, however, will be determined by the difference in isotope values 
between the methylating agent and the compounds of interest. 
Figure 4.10a shows different methods for calculating the correction factor using data for 
C19:0, C22:0 and C30:0 determined for batch 3 CH2N2 methylation. The quadratic formula was 
used to calculate values for the Gradient estimation, which likely over-corrects for the C22:0 to 
Figure 4.9. Boxplots of the δ13C values obtained for the three standards used 
in the determination of the methyl correction factor for CH2N2 
batch 3. The number of analyses per sample by EA-IRMS (n), the 
average δ13C value (‰) and associated standard deviation (1σ) 
are indicated for each sample. 
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C30:0 region. The effect will be tested 
using an expanded panel of 
intermediate FAs in the future. The 
Proposed line indicates the 
hypothesized relationship, which is 
likely not linear between C22:0 and 
C30:0. The 3 point linear estimation 
divided the slope and intercept 
calculations into two different chain 
length ranges, and is likely the best 
estimate for using three standards to calculate the correction factor based on the data we had 
available. The Linear correction calculation uses the value of the three standards to determine the 
slope and intercept. The appropriateness of applying a two-point linear correction would depend 
on the difference in δ13C values of the two FA anchors. 
In order to observe the effect of calculating the methyl correction factor, differing approaches 
were applied to two samples that were analyzed for CSSI purposes. Samples 122A and 124A 
originated in the STCW with their respective δ13C values shown in Figure 4.10b. Both samples 
were located along the same transect and collected at the same time; sample 122A was 
methylated using batch 3 CH2N2, and 124A using batch 2. Three standards were used to 
calculate the correction factor for batch 3, but only two were available for batch 2, and thus no 
gradient correction could be applied. The most noticeable effect on the estimation of δ13C values 
was for FAs ≤C24:0 using the average and linear methods of correction. The difference for 
C20:0 in sample 124A between the two methods was 0.64‰. It should also be noted that the 
Figure 4.10. a) Calculated correction factors for CH2N2; b) 
Effect of applying average and linear correction 
factors on two different samples. The results of a 
gradient correction using the 3 points shown in a is 
included for sample 122A. 
- 162 - 
 
two-point slope of C22:0 to C30:0 for batch 2 was much more negative than for batch 3, which 
may in part be due to environmental conditions or the KIE and the associated 13C:12C ratios of 
the CH2N2 produced from each diazogen batch. 
The correction for using BF3-MeOH was reported by Gibbs et al. (2008) using three FA 
standards (C16:0, C19:0 and C22:0), although how the correction factor was ultimately applied 
was not disclosed. Often, the application of the correction factor, and how it is applied, is not 
indicted in CSSI work (Alewell et al., 2016; Blake et al., 2012; Mabit et al., 2018). The BF3-
MeOH method would be expected to result in lower error if the MeOH is similar in δ13C value to 
the FAs, but must be further examined for the purpose of FA quantification. Hancock et al. 
(2013) reported a correction amount of <1‰ for FAs to FAMEs using a combination of MeOH 
and HCl, but whether or not this was an averaged value based on a single FA is not clear. Even 
where the KIE may not be a factor (e.g. acid catalyzed esterifications), an examination of methyl 
correction factors as a function of VLCFA chain length using identical batches of methylating 
agent would aid in validating the process of performing the methyl correction. This type of 
validation is particularly necessary, however, if diazotization is to be used. 
4.4.4 Variability in FA samples 
When analyzing the STCW samples for δ13Cbulk and %C values, (Reiffarth et al., in revision), 
it was found that certain samples showed a higher degree of variability than others, despite 
attempts at homogenization. Considering the variability in bulk δ13C and %C values, there is a 
reasonable expectation that variability will also exist in the extraction of VLCFAs and the 
subsequent processing of the sample. Determination of the effectiveness of the extraction is 
difficult to ascertain using spiked samples, because recovery of the spiking compound is not 
reflective of the effectiveness of the extraction, as the spike has not been incorporated into the 
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soil matrix, and is not subjected to the recalcitrant properties of the soil that suggest FAs are 
good biomarkers for tracing (Reiffarth et al., 2016). 
Figure 4.11a and Figure 4.11b show two samples from the HRW that were processed in 
duplicate using approximately 50 J/mL of sonication energy, with the exception of sample 3E, 
which was not sonicated. Sample a was taken in a pasture that was affected by overbank flows 
during spring freshet in August 2011, and sample b from a channel bank sample located near a in 
July 2012. The two letters associated with each sample number indicate duplicate analyses for 
the sample i.e. 3D and 3E data are the result of independently processing and analyzing the dried 
and ground sample 3. Sample 4 is the complementary core to sample 3. 
Sample 4F in Figure 4.11a shows a notably higher concentration of FAs than 4E, which could 
not be readily explained, and the δ13C values were also considerably different for all VLCFAs. 
The amount of crude extract obtained for 4F was more than double that of 4E, suggesting that the 
result may be due to the presence of non-soil bound plant material in the sample. The results for 
sample 4F were extreme compared to most other samples in terms of FA concentration 
variability between replicates. Sample 3E was not sonicated, and had %C values similar to its 
duplicate, 3D, with only slightly lower FA concentrations for >C26:0 FAs; the δ13C values for 
C32:0, however, were considerably different. Closer examination of the GC-FID chromatogram 
indicated two peaks for both 3D and 3E that were in close proximity to one another for C32:0, 
with some peak overlap. When the δ13C values were determined independently for each peak, the  
disparity in δ13C values in Figure 4.11a was observed; however, when the two peaks were 
combined and analyzed, values of δ13C -36.02‰ and -35.49‰ were determined. The similarity 
in δ13C values for the combined peaks suggests that a lack of separation resulted in mixing of the 
CO2 signal which was not identical and to the same degree for both independent samples.













Figure 4.11. The δ13C values (line graphs) and FA concentrations (bar graphs) are shown for selected samples that were extracted in duplicate from the HRW in graphs a 
and b. Graph c shows two sets of cores, 472/473B and 474A/475A, in the HRW. The 472/473B were taken at the same time in a flood plain, and 474A/475A 











Figure 4.12. Sample 19 was sonicated using differing amounts of energy as indicated 
in the accompanying table. Isotope data is shown in the line graph, with 
concentration data in the bar graph. Reliable concentration data was not 
available for 19B and 19C. The complementary core (20B) to sample 19 
is included in the concentration data. 
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In general, the lower concentration VLCFAs of chain lengths ≥C27 were prone to such 
anomalies due to peak broadening as a function of column elution times and the inherently wider 
peaks produced by the combustion process. Differences in C27:0, C29:0 and C32:0 isotope 
values need to be carefully considered based on the GC-FID chromatogram and the FA 
concentrations, as differences may not be reflective of true differences in the sample, but rather 
low analytical concentrations which are affected by a lack of separation from surrounding peaks 
and potentially baseline interferences. The same holds true for other low concentration VLCFAs, 
such as C20:0 and C21:0, although peaks tend to be much narrower and not as prone to these 
issues. A similar type of pattern is seen in Figure 4.11b for C32:0. Whether or not an issue arose 
was sample-dependent. Most of the STCW samples did not exhibit the same type of issue for 
C32:0, although occasional anomalies were evident for C27:0 and C29:0. The need for careful 
review of each IRMS chromatogram, in conjunction with the GC-FID results, is required in order 
to make conclusions about the robustness of the data and the accuracy of the δ13C values. 
Figure 4.11c shows two sets of complementary cores (472B/473B and 474A/475A) which 
were sonicated with the higher energy sequence used for most of the STCW samples. Sonication 
energies for the 472B/473B cores (pasture/floodplain deposit) were 382 and 361 J/mL, 
respectively. For the 474A/465A pairing (forest), the energies were 523 and 514 J/mL, 
respectively, illustrating the difference in energy transfer, dependent on soil source. The 
472B/473B cores exhibited similar δ13C values, with the exception of C26:0 and C32:0. In the 
IRMS chromatogram, good separation of the C32:0 peak in both samples appeared to occur, 
indicating differences with the extracted VLCFAs; the same appeared to be the case for the 
C26:0 FA. For the 474A/475A forest soil pair, δ13C values varied widely between the cores, 
despite being in close proximity to one another. This was not surprising, as coefficients of 
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variation for forest soils have been reported to be very large (Conant et al., 2003), and analyses 
of other HRW samples of forest soils within the scope of this project showed similar differences. 
4.4.4.1 Effect of sonication 
Figure 4.12 shows the results of duplicate analysis for isotopes and VLCFA concentrations of 
sample 19 from the HRW, which was located in a riparian zone at the edge of a pasture. The 
highest sonication energy led to the most consistent results for duplicate analysis, as the δ13C 
values for both samples were almost identical. Another point of note is that for the longer chain 
VLCFAs, the δ13C values were more negative for the two samples that were sonicated for a 
longer period of time.   
The bar graphs in Figure 4.12 show the concentrations of the samples. Samples 19B and 19C 
were split, and thus the concentration data was not included, as it was considered unreliable. 
Sample 20B, which was a complementary core to sample 19B/C and sonicated at the same 
energy level, was included as a reference, although the sample may not have been representative 
of the carbon content of sample 19. As a complementary core, sample 20 showed a significant 
difference in VLCFA concentrations, however, with the higher energy sonicated samples. 
Sample 19D was somewhat lower in recovery of VLCFA s with respect to the other three 19 
samples, which may have been due to natural variability. 
Figure 4.13a shows three transect points from the STCW that were analyzed for possible 
differences due to the effect of sonication. The sonicated and non-sonicated samples were taken 
from the same dried, ground and homogenized soil source. Samples 100 and 102 were taken at 
the top of the hillslope of a cultivated field and downslope at the field edge, respectively; sample 
104 was taken in a riparian/wooded area that also acted as a cattle path and was located further 
downslope from 102 along the same transect.  
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The δ13C values of the non-
sonicated samples were visibly more 
positive than the sonicated samples. A 
slight increase in VLCFA 
concentrations for the sonicated 
samples over the non-sonicated ones is 
evident for chain lengths >C27:0. The 
added steps in sonicating the samples 
and additional transfers may have led 
to some losses in VLCFA 
concentrations for samples 102 and 
104, which may account for the 
slightly lower VLCFA concentrations noticeable for the shorter chain FAs. For sample 104, only 
C21:0 and C23:0 showed FA concentration losses of ~7% and 4.5%, respectively. The longer 
chain VLCFAs C29:0-32:0 showed increased concentrations of up to ~32%. Sample 104 was 
taken from a non-cultivated area in the watershed, and thus sonication would be expected to have 
had an enhanced effect on the disaggregation of soil particles when compared to a cultivated, 
tilled field. 
The samples analyzed in Figure 4.13a were part of a larger cultivated and tilled field (field A) 
that was topographically and hydrologically isolated from surrounding fields, suggesting a 
certain degree of homogeneity could be expected for samples originating within the field but 
taken at different locations. The field was located in the STCW. A total of nine samples were 
acquired as a representation of field A, which originated from three transects of differing 
 
Figure 4.13. a) Three transect points were analyzed for the 
effects of sonication on isotope values (line graph) 
and concentrations (bar graph). Samples with an A 
suffix (solid line) were sonicated; samples 
designated with a B (dashed line) were not. 
 b) The transect points in a in context of overall field 
isotope values. 
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orientations and location within the field, and three points for each transect. The data for the two 
field samples 100A and 102A that were sonicated were combined to produce the δ13C values in 
Figure 4.13b for the combined sample labeled Step 1S(1,3). Upon combining, the isotope values 
of each transect were weighted based on their respective VLCFA concentrations. The 
consequence of weighting is that, due to lower VLCFA concentrations, the contribution of 100A 
to the average δ13C value for Step 1S(1,3) would be less than for 102A. The same procedure was 
performed for the non-sonicated samples 100B and 102B to produce the combined values for 
Step 1N(1,3) in Figure 4.13b. The sonicated sample Step 1S(1,3) exhibited much more negative 
δ13C values that the non-sonicated sample Step 1N(1,3). The weighted average δ13C values for 
field A, which included all nine sampling sites, is shown as a reference. The field A δ13C values 
were generated using individual samples that had all been processed using sonication as a 
disaggregation step. 
Similar to the field samples in Figure 4.13a, the sonicated riparian sample 104A exhibited 
much more negative δ13C values than the non-sonicated sample, 104B.The Rip 1&3 line δ13C 
values in Figure 4.13b were produced using a weighted average of two transect points located 
along the same transect as the 104B sample. The 104B sample was the only riparian zone sample 
in the STCW that was processed without sonication. The δ13C values for 104B were much more 
positive than the values for Rip 1&3. Sonication had a noticeable effect on the δ13C values of 
both the field and riparian samples taken in the STCW. 
4.5 Conclusions, recommendations, and future work 
4.5.1 Sonication 
The suspended load in rivers tends to be comprised of particle sizes <2 mm, with the majority 
being of particles sizes <63 µm in many cases (Owens et al., 2005). We found in several cases 
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that sonication led to more negative isotope values than non-sonicated soils, although not in all 
cases. The need to sonicate appears to be particularly valid if undisturbed or infrequently 
disturbed soils are being analyzed as part of the source material. Based on a literature review and 
the results we obtained, understanding the degree of natural disaggregation that occurs to form 
sediments, and δ13C values associated with the sediment bound VLCFAs, is not easily achieved. 
The recommendation is therefore to sonicate all samples prior to extraction. Additional 
assessment of the effect of sonication for a variety of soil and sediment samples with a focus on 
VLCFAs (C20:0-C32:0) would be beneficial. 
4.5.2 Extraction 
The extraction methodology using PSE appeared to produce consistent FA concentration and 
isotope data. The samples that were primarily analyzed and presented here did not cause issues 
with the extractor; however, issues arose when suspected biofilm-containing samples were 
analyzed. Jansen et al. (2006) concluded that in most cases for the extraction of alkanes, soxhlet 
and PSE methods provided identical results. Where PSE methods cannot be used, traditional 
soxhlet applications may be beneficial, but have not been sufficiently evaluated for VLCFA 
recoveries. Ideally, biofilms would need to be removed prior to extraction in order to prevent 
PSE-related issues, as well as reduce the intensity of C16:0, C18:0 and other peaks during 
chromatographic analyses. 
The solvent type used by Jansen et al. (2006) in alkane biomarker recovery was DCM:MeOH 
(93:7, v/v); Blake et al. (2012) used a 9:1 DCM:MeOH mixture and Gibbs (2008) and Mabit et 
al. (2018) used straight DCM. In all cases PSE was used. We did not conduct a detailed 
examination into solvent types with respect to PSE, but isotope results using either a 97:3 or 93:7 
mixture (v/v) of DCM:MeOH were similar, likely due to the elevated pressures and consistent 
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temperatures involved in PSE extractions (Wiesenberg et al., 2004). However, solubility of 
VLCFAs under ambient conditions was improved with the DCM:Hex:MeOH (9:7:1) mixture 
used here in the handling of extracts. Soxhlet extraction using the DCM:Hex:MeOH mixture and 
reproducibility relative to PSE methods needs to be verified, considering the various boiling 
points of the solvents involved in the mixture.  
Similar to the recommendations for sonication, the CSSI community would benefit from a 
reproducibility analysis of extraction conditions for VLCFAs using a variety of soils types. 
Considering concerns regarding the use of %C versus FA concentrations (Alewell et al., 2016), 
the literature is lacking in evidence supporting the reproducibility of VLCFA concentrations 
from soil and sediment samples. The spiking of samples provides a good indication of procedural 
accuracy and precision, but does not address sample variability due to extraction conditions and 
soil matrices. 
4.5.3 Purification 
Based on GC-FID analyses, VLCFAs were well-separated from impurities in most cases 
when purified according to the LPLC methods presented here. Not all polar impurities that were 
present in the extract were adequately removed during initial purification and separation of FAs 
from other compound classes. A second micro-scale purification using standard silica post-
methylation to FAMEs removed most traces of coloured compounds that had not been removed 
during initial purification, and greatly enhanced GC-FID and GCC-IRMS performance. The 
purification process did appear to produce a slight negative bias in δ13C values when compared 
to unpurified standards; however, all samples that were purified appeared to be affected equally.  
Treatment with Dowex H+® post-purification increased the recovery of VLCFAs without 
affecting isotope values. An average recovery of almost 90% with an RSD of 6.30% was 
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achieved. For the purposes of CSSI tracing, consistency in recovery is more important than 
determining absolute concentration; however, absolute concentration estimates could easily be 
adjusted for where desirable. 
4.5.4 Derivatization 
Differences due to chain length in the derivatization of VLCFAs to their corresponding 
FAMEs appears to affect the methyl correction factor when CH2N2 was used as the methylating 
agent. Very negative δ13C values for the CH2N2 synthesized from in-house produced diazogen 
were observed. Assuming an average correction factor for all chain lengths of VLCFAs may lead 
to incorrect FA values if different batches of the methylating agent are being used, which would 
be expected for longer term studies. Other methods of methylation, such as BF3-MeOH, require 
validation in terms of methylation of VLCFAs based on chain length, as well as potential losses 
that may occur due to transesterification and subsequent work up prior to analysis. The 
recommendation is that a minimum of three FA standards that span the VLCFAs of interest be 
used in the estimation of the correction factor, and in such a case a three point linear correction 
method is used, with the correction factor calculated for each chain length. 
4.5.5 Sample analysis 
For the purpose of quantification of FAMEs by GC-FID, there is a necessity to determine the 
RRFs for FAMEs >C20:0 on a continual basis during analysis, as the RRFs changed 
considerably for longer chain length FAMEs as more samples were analyzed. The RRF 
relationship was also polynomial in nature between the chain lengths, and thus it was necessary 
to produce a solution containing a minimum of four FAMEs that spanned the FAMEs of interest 
in order to adequately estimate VLCFA concentrations. Furthermore, the variability of the RRFs 
increased with an increase in chain length, indicating quantitative data may become less reliable 
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as a function of chain length and number of samples analyzed. Due to the long run times 
involved with FAME analysis, the RRFs should be determined after no more than four samples 
are run. Careful review of the chromatograms for each sample needs to be performed to ensure 
that peaks are assigned correctly; in some cases, a small degree of peak splitting occurred, and 
the software interpreted the peaks as individual compounds, which would affect quantification if 
not verified. According to our findings, limiting the number of samples before performing GC 
inlet and FID maintenance to 80 appeared appropriate. The ideal number of samples, however, 
will depend on the purity of the sample being analyzed and the sample’s concentration. 
The purification methods generally led to good GCC-IRMS results. The major issue with 
GCC-IRMS analysis of C20:0-C32:0 FAMEs is the lack of adequate standards for the 
normalization of isotope values. Normalization was carried out by constructing a curve based on 
isotope values that were not negative enough to adequately encompass C3 vegetation-sourced 
FAMEs, requiring the need for extrapolation. Values were then adjusted using an ISTD to 
account for drift corrections. In order to overcome the limitations of VLCFA analysis due to 
normalization, ideally ISTDs need to be found that are similar in composition to FAMEs and 
appear in the region of interest i.e. C20:0-C24:0, where peak broadening is also less of a factor. 
Two ISTDs would be ideal. Suitable positive ISTDs may be easier to acquire than suitable 
negative ones, which would need to have values of ~-45‰. The incorporation of two such ISTDs 
would increase the reliability of isotope data and reduce analytical times because standards 
needed to bracket the samples would no longer be required. The ISTDs could also be used for 
quantification purposes and, if acidic, could be added prior to purification. 
The issues associated with derivatization and variability of FAMEs may be circumvented 
altogether by converting the carboxylic acid group to a less polar primary alcohol through 
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reduction, although doing so may present issues with baseline separations and potential peak 
broadening due to the need for GC columns with increased polarity (Corso and Brenna, 1997). If 
good separation of primary VLCFA alcohols is achievable, methylation would still need to be 
considered for post-purification sample clean-up purposes.  
4.5.6 General conclusions 
The use of VLCFAs and the CSSI technique offers great potential in discriminating land uses 
and soil and sediment sources. The accuracy of the VLCFA fingerprint associated with a 
particular source is dependent on the manner in which the source soils were processed and the 
extracted VLCFAs were prepared and analyzed. Particular attention needs to be paid to obtaining 
consistent δ13C values through means of sample homogenization, purification and derivatization 
in order to produce reliable data to be used with unmixing models. The methodology 
investigated here has provided insight into the reliability, reproducibility and considerations 
associated with obtaining CSSI data, highlighting the need for transparency in analytical 
methods and further testing of the technique in order to validate robustness across a spectrum of 
potential soil and sediment sources. 
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4.8 Supplement 
This document contains supplemental material that complements the material found in the 
main article. The purpose of the supplemental section is to provide further commentary on the 
materials and methods used in the research, as well as present some additional results that were 
not included in the main paper. 
4.3 Materials and methods 
4.3.1 Study sites and sampling 
The ABS pipe (12.7 cm x 7.6 cm ø) used for collecting 
HRW samples is shown in Figure S4.1a. The pipe was 
hammered into the ground using a 1.8 kg hammer. A 
knife was used to loosen the soil around the pipe. The 
pipe, with the extracted core, was sealed using pressure caps on either end. Two samples were 
obtained at each sampling location. In the STCW, cores were collected using a JMC Backsaver 
soil corer shown in Figure S4.1b. 
4.3.2 Sample preparation 
4.3.2.1 Storage and drying 
Samples that were stored in centrifuge tubes for a period of several months collected moisture 
while placed in the freezer. As much as 4 g of water accumulated in stored samples. Samples that 
were extracted without being re-dried produced extracts that contained non-organic soluble 
material, as was evidenced when attempting to dissolve the extract in solvent A. Preventative 
measures which greatly reduced the amount of moisture accumulated included wrapping a film 
around the cap of the tube and placing the samples in sealed plastic bags. Moisture was 
consequently greatly reduced. Additionally, the samples were placed in a non-circulating oven 
 
 
Figure S4.1. a) ABS pipe used for cores with 
pressure cap for sealing. b) JMC 
Backsaver. 
b) a) 
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for ~24 h prior to extraction. Extracts which were obtained from moisture-laden samples tended 
to cause clogging issues when loading the samples onto the columns for purification. 
4.5.2 Extraction 
Trials on the efficiency of extraction suggested that the majority of extractable organic 
material (~99.5%) was obtained after two cycles in the PSE. Fine particles were problematic for 
the PSE; such samples included ones with a high percentage of carbonates, and suspended 
sediment samples that were collected by centrifugation directly in the body of water. The HRW 
and STCW samples did not have any issues except for one high carbonate sample, however. 
Attempted means of mediating clogging issues included the use of thimbles, increased amounts 
of glass wool and mixing samples with fat-free sand within the extraction cells of the PSE. The 
issues were not completely alleviated in most cases, and thus the use of traditional soxhlet was 
required. Samples which were soxhlet extracted had additional solvent added after approximately 
20 h of extraction to account for solvent losses due to the long extraction times of 40-48 h. 
4.5.3 Purification 
Preparation of acidic silica 
Acidic silica was prepared from TT silica by treating the silica with methanolic HCl. 
Methanolic HCl was prepared by distilling pre-dried (over 4 Å molecular sieves) HPLC grade 
MeOH over calcium hydride with iodine and magnesium turnings. While stirring under N2 in an 
ice bath, enough acetyl chloride was added to the MeOH to produce a 3% methanolic HCl 
solution (v/v). Approximately 40 g of TT silica were added to 200 mL of the methanolic HCl. 
The solution was stirred for two hours, making the silica slightly acidic. Solvent was removed on 
a rotary evaporator and the resulting silica was air dried. Longer stirring times resulted in the 
silica gradually becoming much more acidic, which adversely affected the purification process. 
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Preparation of basic silica 
Basic silica was prepared from TT silica by mixing 
the silica with finely ground KOH (potassium 
hydroxide). About 20 g of KOH was added to 200 mL 
of HPLC grade MeOH and allowed to dissolve while 
stirring. Once dissolved, about 40 g of TT silica was 
added to the MeOH. The solution was stirred for 20 
min. after the addition of the TT silica and then 
evaporated to dryness. The resulting solid was allowed to air dry overnight and then placed in an 
oven at 60°C for 12 h. Thereafter, the solid was ground in a mortar and pestle to remove any 
clumps that had formed. Failure to adequately remove clumps often resulted in overpressures in 
the LPLC setup during flushing of the KOH columns to elute the VLCFAs. The KOH silica was 
stored in a fridge, but appeared to degrade over long periods of storage (>2 months). Re-drying 
the silica did not restore the silica; old silica used during purification resulted in overpressures 
building in the LPLC system, and increased use of solvent to recover VLCFAs from the KOH 
column. 
Notes on purification 
The degree of impurity removal for some samples using the acidic and neutral silicas is shown 
in Figure S4.2a. In the determination of sample loading volumes and eluting bound FAs from the 
KOH column, fractions were collected in order to determine if further purification could be 
achieved. Unfortunately, any basic impurities that had been immobilized when passing through 
the KOH column were remobilized during the elution of FAs without a significant difference in 
  
Figure S4.2. a) Coloured compounds 
retained in the neutral and 
acidic silica during 
purification. b) Before and after 
filtering the FA-containing 
sample prior to GC analysis. 
a) b) 
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retention factors between the desired FAs and the impurities, resulting in co-elution and no 
improvement in separation. 
4.3.2.5 Derivatization to FAMEs 
Most of the extracts were very coloured after derivatization. Direct analysis resulted in 
column performance issues for the GC and fractionation problems during IRMS analysis, 
including problems with the combustion tube, such as clogging. The coloured compounds were 
non-volatile and may have been related to the chlorophylls present in the crude extracts. Further 
purification was achieved by dissolving the FAMEs in HPLC grade DCM and pushing the 
extracts through a Pasteur pipet containing untreated, pre-rinsed silica; activated charcoal had 
also been evaluated, but did not result in a significant removal of colour from the extract. Clarity 
and colour, and hence analytical performance, vastly improved using the pipet/silica filter. The 
results of filtering the FAMEs is seen in Figure S4.2b. Solvent was removed after filtration and 
the appropriate volume of DCM added for GC analysis. 
4.4 Results and discussion 
4.4.1 Quantification of FAs by GC-FID 
A total of seven FAME solutions 
were prepared via serial dilution for 
the linearity determination of the 
FID (Figure S4.3). The order in 
which the samples were run was 
randomized so as to prevent 
analytical bias. Linearity (R2) for 
sample concentrations between 8 
 
Figure S4.3. Results of performing a linearity test on the various 
chain length of FA standards. Standards C17:0, C20:0, 
C22:0 and the odd-chain lengths were each prepared 
separately and added to the even-chain commercial 
mix that contained C24:0-C32:0. 
- 184 - 
 
ppm to 500 ppm (w/v) were 
equal to or greater than 0.999 for 
each FA chain length tested, with 
the exception of C32:0 (0.996). 
The even-chain standards were 
tested to 800 ppm with GC-FID 
response remaining linear. 
Although the C25:0 FA 
standard was supposed to be pure, it was estimated to be only 82% pure at the time of use, with 
major impurities of C23:0 (7%) and C24:0 (11%). For quantification purposes, the values for 
C24:0 and C25:0 were estimated despite these components being present in the standard 
solution. In Figure S4.3, the increased concentration of C24:0 is evident as it is the uppermost 
line with the greatest response. The C25:0 response is lower than even C28:0. Examination of 
the individual chromatogram for C25:0 revealed the impurities. 
A typical relationship in the RRF values of the various chain lengths of FAs analyzed is 
shown in Figure S4.4. The RRFs plotted are the average of two analysis of standard solutions, 
one prior to analyzing four samples, and one thereafter. The performance of the FID was affected 
by the concentration of the samples, but generally decreased over consecutive runs, making it 
necessary to calculate RRFs frequently. 
4.4.4 Variability in FA samples 
Figure S4.5a-c shows additional samples that were extracted in duplicate; each duplicate 
sample pair is shown with its complementary duplicate core. Samples 12 and 13 were bank 
samples, and exhibited very low VLCFA concentrations; samples 36 and 37 were riparian 
 
Figure S4.4. Typical plot of RRF values as determined relative to the 
eicosane ISTD for known FAME standards. The RRFs 
were for unknown FAMEs were estimated from the 
quadratic equation. 
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samples, and samples 47 and 48 were taken in a pasture. In Figure S4.5a the anomaly is sample 
13B, with a noticeably higher concentration in FAs, which appeared to have affected the δ13C 
values for C21:0 and C23:0 in particular. As with all samples collected and processed, the 
variability observed may be a combination of variability inherent to the sample, variability due to 
extraction efficiencies, and variability due to sample homogeneity, such as the presence of non-
soil bound organics. A large degree in VLCFA concentration variability is also seen in Figure 
S4.5b, yet isotope values for each pair are similar. The odd-chain VLCFAs C27:0 and C29:0 for 
each pair show some δ13C values differences, which may in part be due to analytical accuracy. 
The sample in Figure S4.5c indicates that isotope variability for higher concentration VLCFAs 
(sample 47A, C28:0) may be quite high. Overall, the data indicated the need to represent a 
particular source either through multiple spatial samples, or multiple analysis of composite 
samples (multiple spatial samples of the same source area combined and homogenized) for both 
VLCFA concentration data and isotope data. Furthermore, the analysis would likely have 
benefited by applying greater sonication times.  
The samples shown in Figure S4.6a-d were obtained in the HRW, but due to splitting of the 
sample masses prior to purification, the concentration data has not been included due to possible 
unreliability. The results are presented to further indicate the type of variability that was 
observed in isotope values when duplicate extraction was performed, and the differences, such as 
in  Figure S4.6c between two complementary cores obtained from a forest location. Note that all 
the HRW samples, unless indicated otherwise, were sonicated using only 50 kJ/mL. 








Chart Type Notes 
a Pasture Extraction of 9D & E 
produced ~50% more 
crude extract than 8D & E. 
b Pasture Large variability in 
VLCFA concentrations 
recovered. 
c Forest  
d Pasture 33D extracted with 93% 
DCM/MeOH. 
Figure S4.6. Isotope values of samples originating from the HRW extracted in duplicate, with complementary cores. The crude extracts were divided prior to purification 
and thus the accuracy of the VLCFA concentrations could not be verified and have thus been omitted. 
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5 Spatial and temporal differentiation of cultivated and uncultivated soils using compound-
specific stable isotopes (CSSIs) in an agricultural watershed in Manitoba, Canada 
5.1 Abstract 
The use of compound-specific stable isotope (CSSI) biomarkers of plant origin for the 
purpose of soil and sediment tracing using carbon-13 (13C) and carbon-12 (12C) ratios has been 
investigated in a heavily cropped agricultural watershed in Manitoba, Canada. Spatial and 
temporal variability in δ13CFA values between fields and riparian zones was investigated in order 
to determine the ability to differentiate sediment sources based on δ13CFA values. The primary 
findings with respect to field variability were: (i) δ13CFA values are temporally dependent for 
agricultural fields and riparian zones; (ii) similarly cropped fields may be difficult to 
differentiate, which is dependent on cropping history; and (iii) the relationship between very 
long-chain fatty acid (VLCFA) concentrations and %C depends on the timing of sample 
collection, and on the nature of the sample i.e. soil horizon type. Our findings suggest multiple 
samplings of soil sources and downstream sediments throughout the growing season are required 
to adequately perform a tracing experiment using VLCFA biomarkers, with VLCFA 
concentrations preferentially used for the purpose of source apportioning as opposed to %C 
values. Furthermore, bulk soil isotope values (δ13Cbulk) show gradual changes throughout and 
between sampling seasons that do not necessarily reflect vegetative inputs of the growing season 
being sampled. 
5.2 Introduction 
Sediment affects water quality by increasing turbidity and increasing sedimentation, which 
may have a harmful effect on aquatic life, and also acts as a transport vector for pollutants and 
nutrients (Bilotta and Brazier, 2008; Owens et al., 2005; Wood and Armitage, 1997). 
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Furthermore, the amount of fluvial sediment generated by erosion processes acts as a measure of 
the climatic, anthropogenic and tectonic forcing that occurs in the Critical Zone (CZ)–the region 
between the Earth’s canopy down to the bottom of groundwater aquifers (Brantley et al., 2007)–
where the processes responsible for sustaining life on Earth occur (Richter and Mobley, 2009). 
One of the major anthropogenic influences on the CZ may be attributed to agricultural activity, 
which leads to erosive processes of the topsoil through a combination of water, tillage and wind 
(Govers et al., 2014). Agricultural fields in the United States, for example, have been identified 
as the greatest source of diffuse source pollution carrying sediment, nutrients and pesticides into 
surface waters and groundwater (Pimentel et al., 2004). Lake Winnipeg in Manitoba, Canada, for 
example, has been heavily affected by the influx of nutrients from surrounding agricultural 
watersheds and the subsequent eutrophication of the lake (Lake Winnipeg Stewardship Board, 
2006; Matisoff et al., 2017) and sediment has been identified as an important vector for 
phosphorus from the watershed to the lake (Kleinman et al., 2011). Thus, determining sediment 
sources is critical to mitigating soil erosion on the land and for reducing sediment, contaminant 
and nutrient fluxes in river channels, thereby maintaining the well-being of the CZ.  
Effectively managing sediment budgets and associated chemical fluxes in watersheds has 
been facilitated by the use of tracers found on and within soils and other potential sources 
(Owens et al., 2016; Walling, 2013). The general tracing approach is to collect sediment samples 
downstream of possible source locations in conjunction with potential source material (e.g. 
soils/upstream sediment) that may be contributors to the downstream sediment. The sediment 
and source soils are analyzed for selected properties and the data are used in a statistical 
unmixing modelling framework to apportion the sediment. The unmixing model produces a 
probability distribution that provides insight into the likelihood each source contributed to the 
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downstream sediment. One of the important characteristics of selecting a tracer is that it is 
conservative, i.e. the properties are not altered between the source and deposition (mixture) site, 
or are altered in a way that can be quantified (Koiter et al., 2013).  
Traditionally, fallout radionuclides (FRNs), geochemical properties, and mineral magnetism 
have been used as tracers (Guzmán et al., 2013; Haddadchi et al., 2013). These types of tracers 
have been used successfully to apportion sediment according to the general region of the 
watershed from which the sediment originated. In the case of FRNs, for example, some success 
has been seen when differentiating cultivated from uncultivated sources (e.g. Bogen et al., 1992; 
Wilkinson et al., 2013). However, these traditional tracers are not highly specific when 
attempting to differentiate land uses within a catchment, such as by crop type, which tends to 
limit their effectiveness for targeting problem areas or land use activities. 
In order to address land use-based tracing challenges, the use of compound-specific stable 
isotopes (CSSIs) has recently been examined (e.g. Alewell et al., 2016; Blake et al., 2012; Gibbs, 
2008; Mabit et al., 2018). The CSSI approach uses organics of plant origin (i.e. biomarkers) to 
differentiate land uses. Tracers categorically of plant origin, such as long-chain alkanes and fatty 
acids (FAs), have been the primary compounds investigated thus far due to their chemical 
stability and recalcitrance in the soil. A thorough review of the CSSI technique with respect to 
FAs was published by Reiffarth et al (2016). Although a variety of FAs have been examined by 
other research groups, mid- to long-chain saturated FAs C20:0-C32:0, excluding C31:0, were 
examined and are referred to as very long-chain FAs (VLCFAs) henceforth. The exclusion of 
C31:0 was due to analytical issues regarding isolation and isotope determination and low 
concentrations in many samples (Reiffarth et al., submitted).  
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One of the challenges related to CSSI work is to produce a representative sample for a 
particular land use (Blake et al., 2012; Upadhayay et al., 2017). The CSSI tracing concept is 
based on a biomarker transferred from the vegetation to the source soil. Cultivated agricultural 
fields may be tilled, thereby undergoing a certain degree of homogenization through mechanical 
movement of soils, whereas uncultivated regions, such as native forest, could be considered as 
undisturbed, exhibiting natural variability and possibly less homogenization. Environmental 
factors that affect the CSSI signal are present in either instance, such as nutrient and water 
availability, seasonal variations in CO2, and non-homogeneous carbon sources (e.g. decaying 
matter in forests, incorporation of vegetation due to conservation tillage practices) (Reiffarth et 
al., 2016). 
Previous studies have examined the application of the CSSI approach (e.g. Alewell et al., 
2016; Blake et al., 2012; Cooper et al., 2015; Gibbs, 2008; Hancock and Revill, 2013; Mabit et 
al., 2018), but have not extensively addressed the spatial and temporal variability of FA 
concentrations and FA carbon-13 isotope values ( δ13CFA). Collins et al. (2019) recently 
discussed field temporal and spatial variability with respect to bulk carbon (Cbulk) and bulk 
carbon-13 isotope values (δ13Cbulk). Included herein are results from a similar analysis of the 
STCW. Bulk carbon and isotope data have usually been reported as part of CSSI tracing studies 
as an additional means of differentiating sediment sources. Reiffarth et al. (in revision) have 
recently discussed the variability and associated error with performing bulk carbon and isotope 
analysis by elemental analyzer-isotope ratio mass spectrometry (EA-IRMS), and the impact of 
small amounts of carbonates on isotope ratios in soil samples. 
This study aimed to address several key questions related to CSSI tracing of soils and 
sediments: (i) the spatial and temporal relationship between FA concentration and Cbulk, and the 
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concept of using Cbulk values as a proxy in soil apportioning; (ii) the spatial and temporal 
variabilities of FA concentrations and δ13CFA values; (iii) the appropriate number and location of 
soil samples to use in a cropped field, and the seasonal timing of sampling, to produce a 
representative, composite sample for the purpose of soil and sediment tracing; (iv) alternate 
means of differentiating sediment sources based on the quantification of VLCFAs. 
5.3 Materials and methods 
5.3.1 Study area 
The study was performed in the South Tobacco Creek Watershed (STCW; Figure 5.1a). The 
STCW is located approximately 150 km southwest of Winnipeg, Manitoba, Canada (inset, 
Figure 5.1a) with a drainage area of approximately 74.6 km2 (Liu et al., 2015). Three sites were 
sampled within the STCW: (i) the Steppler sub-watershed, a sub-catchment of the STCW, 
contained the majority of field sites; (ii) site IS3 (Water Survey of Canada (WSC) station 
05OF023), downstream from the Steppler sub-watershed, and primarily riparian/forested area; 
(iii) and site IS1 (WSC station 05OF017), downstream from IS3. The IS5 site indicated in Figure 
Figure 5.1. a) Location of the study sites in the South Tobacco Creek Watershed. The primary field site was the 
Steppler sub-watershed. Downstream sites included IS3 and IS1. The inset shows the location of the 
STCW relative to Winnipeg, Manitoba. The drainage flow paths are indicated, originating in the 
Steppler sub-watershed and proceeding to IS1 via IS3. Map provided by Google Earth. b) Steppler 
sub-watershed showing field assignments and transects (field arrows). The hatched pattern indicates 
the riparian zone. Transect arrows point down the hillslope and are to scale. 
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5.1 was one of the sediment collection sites located at an outlet of the Steppler sub-watershed. 
Additional map information and detail may be found for all transects surveyed in the 
accompanying supplemental section (see STCW map, δ13Cbulk and δ13CFA data). 
The IS3 site was composed of two transects located on either side of the South Tobacco Creek 
(STC). Each transect was comprised of two sampling points: one by the creek and one up the 
hillslope. The area was heavily forested with hazelnut (Corylus cornuta), dogwood (Cornus 
alba), willow (Salix spp.) and choke cherry trees (Prunus virginiana). The slope was 
approximately a 7-11% gradient. The IS1 site included two transects on either side of the STC. 
Both transects were comprised of three sampling points: a field sample, an edge of field sample, 
and a riparian/forest sample. The STC had incised the surrounding area; however, the banks were 
low enough that overbank deposits occurred during larger flow events. Major vegetation within 
the riparian area included grasses, maple (Acer negundo L.) and elm (Ulmus americana L.). The 
soils surrounding the IS3 and IS1 sites were classified as Regosol (Hope et al., 2002; Liu et al., 
2015); several of the samples around the IS3 site were high in inorganic carbonates. 
The primary fields that were studied were located in the Steppler sub-watershed (Figure 5.1b), 
and comprised an area of approximately 2 km2 (Liu et al., 2015). The riparian areas were used as 
cattle paths. Major vegetation within the riparian zone included timothy grass, jewel weed, 
maple, elm and burr oak. The Rip A, Rip B1 and B2 designations indicate the area in which 
riparian samples were collected. 
The Steppler sub-watershed provided an opportunity to track the changes in δ13C values in the 
soil throughout, and between, the growing seasons in a natural, working agricultural 
environment, where field segregation was determined according to hydrology and topography 
(Figure 5.1b). Segregation in this manner minimized the influence of hydrology on the mixing of 
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organics between delineated fields. Tillage practices, however, did potentially lead to some 
mixing of soils and therefore biotracers, particularly between fields A-D and B-C as these fields 
were adjacent to one another. Tillage occurred at the end of the growing season (fall) and in 
spring, at the beginning of the planting season. 
The soil within the Steppler sub-watershed was classified as Gray Chernozem (Tiessen et al., 
2010). The upper hillslope field samples consisted primarily of C horizon material, with some B 
horizon. Mid-slope samples were a mixture of B and C horizon, and in some cases a very thin A 
horizon. Edge of field samples were a mixture of A-C horizons, but with a thicker A horizon. In 
one case, a buried A horizon, due to tillage and soil movement, was evident in the acquired soil 
core (VandenBygaart et al., 2012). 
Sample collection was performed in 2012 and 2013. Table 5.1 indicates the type of 
agricultural crops that were grown during the two years in which sampling occurred, and the four 
years prior for each of the fields in the Steppler sub-watershed. Field delineations were 
approximately the same during the four seasons prior to the two seasons in which sampling had 
occurred. The July 2012 sampling period occurred when plants were mostly mature. The intent 
for the August 2012 sampling was to sample prior to harvest; however, due to unusual weather 
conditions, crops matured early, and were harvest prior to sampling in late August. Residues 
from the associated crops for fields C, D and E were evident due to conservation tillage 
practices. 
Sampling in June 2013 was carried out just after planting, with some fields showing signs of 
sprouting. August 2013 sampling was carried out prior to harvest when plants were mostly 
mature. Fall 2013 sampling (late October/early November) was unintentionally divided into two 
sampling periods because weather conditions did not allow sampling to be completed in October. 
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Fields A and D contained the same crop during 
the 2013 sampling period, and were treated as a 
single field (field AD) for the August and 
October 2013 sampling periods. Of note is that 
field B was converted to grazing in 2013. The cattle paths were defined by electrified wires to 
prevent cattle from moving onto cropped fields. In 2013, the wire had been repositioned to 
include the area identified as field B in Figure 5.1b. 
5.3.2 Sample collection and storage 
For the Steppler sub-watershed, transects were laid out according to areas of the field that 
were suspected to be most prone to soil movement based on known field hydrology. Field 
transects consisted of three points: top, mid, and edge of field (lower). Transects were extended 
into riparian areas where such areas existed. A total of six samplings were performed throughout 
the 2012/2013 growing season. For the 2012 growing season, 10 transects were established 
(labelled Step 1 through Step 10; Figure 5.1b). In June 2013, all 10 transects were sampled 
according to the GPS coordinates noted during the initial sampling; however, for the August 
2012 and October/November 2013 sampling periods, the number of transects was reduced to six 
(Step 1, 3, 7-10). For the first sampling period, four cores were acquired for each transect point; 
cores were taken within a 1 m radius of the transect point. For each of the sampling periods 
thereafter, only two cores were taken for each transect point. The soil corer used (JMC 
Backsaver soil core samplers, JMC Soil Samplers, Newton, Iowa, USA) produced cores with a 
diameter (ø) of 3.2 cm and was set to a depth of 12.5 cm. This specific depth was selected 
because tilled fields, which was the case for the Steppler fields, are normally tilled to a depth of 
12.5 to 17 cm. Riparian areas were sampled in the same manner as fields. Surface scrapes were 
Table 5.1. Crops grown in the Steppler sub-
watershed between 2008-2013 by field. 
 Growing season 
Field 2008 2009 2010 2011 2012 2013 
A Wheat Oats Alfalfa Forage Forage Canola 
B Wheat Oats Alfalfa Alfalfa Alfalfa Grazing 
C Wheat Canola Wheat Canola Wheat Canola 
D Forage Forage Canola Wheat Canola Canola 
E Forage Forage Canola Wheat Canola Wheat 
Forage: (grass/alfalfa) 
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taken in ephemeral flow paths that showed signs of deposited sediment, such as in the Rip A area 
in Figure 5, where the surface was mostly covered in grass, but material deposited on top of the 
grass was visible. Where flow existed or water was present, a trowel was used to scrape sediment 
from the bed of the waterway. 
Soil cores were placed in a standard freezer bag, the air removed as much as possible, and 
then placed within a second freezer bag with the air removed. The double-bagged samples were 
placed in coolers with ice packs. Because the sampling sites were of considerable distance from 
an available freezer, this was the most practical method at the time for storing samples. Due to 
the number of samples involved, sampling usually occurred over a two-day period for the 
Steppler sub-watershed and the IS1 and IS3 sites. Collected samples were either refrigerated or 
frozen after each sampling day while awaiting transport to the University of Manitoba. Once at 
the University of Manitoba, samples were stored at -20°C until shipping to the University of 
Northern British Columbia (UNBC) was arranged, which occurred within 1-3 days after initial 
storage at the University of Manitoba campus. Samples were shipped frozen to UNBC and 
subsequently stored at -20°C or -40°C prior to analysis at the Northern Analytical Laboratory 
Services (NALS) facility at UNBC. 
5.3.3 Sample preparation 
Details of the methods used for VLCFA analysis (Reiffarth et al., submitted) and bulk carbon 
methods were published by Reiffarth et al. (in revision). Below is a brief summary. 
5.3.3.1 FA extraction, purification, and derivatization 
Dried soil and sediment samples were sonicated using a Misonix S-4000 sonicator in a 
solvent mixture of DCM:Hex:MeOH (dichloromethane:hexanes:methanol) of 9:7:1 (solvent A) 
to disaggregate the sample. The solvent ratio used was 4:1 w/v. Sonication was performed for 
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approximately 45 minutes per sample to deliver 253-841 kJ/mL of energy for each sample. 
Sonicated, dried samples were transferred to a Büchi E-916 pressurized solvent extractor (PSE) 
and extracted at 125°C and 100 bar in three 15 min. cycles using solvent A. Extracts were dried 
on a rotary evaporator. 
Extracts were separated into compound classes (Willsch et al., 1997) using a combination of 
neutral, acidic, and basic thermally treated (TT) silica (El Rassi et al., 1976). Acidic silica was 
prepared by stirring 40 g of TT silica with 200 mL of 3% methanolic HCl. Basic silica was 
prepared by mixing 40 g of TT silica in 200 mL MeOH to which 20 g of KOH had been added. 
A low pressure liquid chromatography (LPLC) system was used for the separation. The 
acidic, FA-containing, fraction was isolated using a column packed with the previously prepared 
basic silica. The separation setup and procedures are presented in detail in Reiffarth et al. 
(submitted). The recovered FAs were treated with acidic Dowex H+® resin to ensure re-
protonation of any FA salts. An eicosane internal standard (ISTD) was added for quantification 
and isotope determination purposes. The recovered FAs were derivatized to fatty acid methyl 
esters (FAMEs) using diazomethane (CH2N2). The extract was then filtered using standard silica 
gel and DCM to reduce the amount of coloured impurities and improve GC (gas 
chromatography) performance. 
5.3.3.2 Gas chromatography-flame ionization detection (GC-FID) 
The FAMEs were quantified on a Varian GC-3800 with CP-3400 autosampler and FID (Santa 
Clara, CA, USA). A 60 m x 0.25 mm ID and 0.25 µm film thickness BPX-70 column from SGE 
Analytical Sciences (Australia) was used. Samples were injected at a 10:1 split ratio with an 
injection volume of 1.5 μL. The injection was pulsed at 45 psi for a duration of 0.3 minutes. The 
flow was set to constant flow at 2 mL/minutes. The injector temperature was set at 260°C. The 
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oven was set at an initial temperature of 150°C, held for 2 minutes, and then ramped at 
1.7°C/min to 250°C. For standard solutions, the oven hold time was set to 10 minutes; for 
samples, the hold time was 25 minutes. The FID was set to 280°C with an H2 flow of 30 
mL/min, air flow of 300 mL/min and a makeup flow (N2) of 25 mL/min. A deactivated liner (3.4 
mm) for split/splitless injections packed with quartz wool was used. A relative response factor 
(RRF) approach was used, consisting of FAME standards ranging from C17:0-C32:0. The RRFs 
were calculated relative to the ISTD. 
5.3.3.3 GC-combustion-Isotope Ratio Mass Spectrometry (GCC-IRMS) 
The GC settings for GCC-IRMS analysis were similar to those used for quantification. The 
GC used was an Agilent 6890A (Santa Clara, CA, USA) equipped with CTC Analytics A200S 
autosampler. The same column setup and oven conditions were used as with the GC-FID 
analysis, but the flow rate was reduced to 1.6 mL/min. The injection volume was 3.5 µL, and a 4 
mm recessed, deactivated, gooseneck liner with pre-packed quartz wool from SGE Analytical 
Sciences was used. A Merlin Microseal® (Merlin Instrument Company, Centennial, CO, USA) 
was used to reduce the possibility of fractionation in the injection port. The combustion oven of 
the GCC(III) (Thermo Fisher Scientific, Waltham, MA, USA) was set to 980°C, and the 
reduction oven to 650°C. 
Isotope data (δ13C) were acquired on a Delta V Advantage IRMS (Thermo Fisher Scientific, 
Waltham, MA, USA) interfaced with a ConFlo IV using Isodat 3.0 software. Raw isotope data 
were determined relative to CO2 pulses before and after each run; normalization of isotope data 
was performed using two external GC standards purchased from Arndt Schimmelmann at 
Indiana University, USA: methyl icosanoate (C20:0) #Z1 (δ13C -30.54‰) and #Z2 (δ13C -
10.53‰). The purchased GC standards also contained in-house calibrated C17:0 and C22:0 
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FAMEs. Unknown samples were bookended by the standards. An additional correction was 
applied using the ISTD as a reference. The methylation correction factor for each batch of 
diazogen was determined by EA-IRMS and running pure FA standards and the derivatized 
FAMEs. 
5.3.4 Bulk carbon analysis 
Prior to analysis, all soil and sediment samples were treated for carbonates by acid fumigation 
(Reiffarth et al., in revision). A Costech 4010 CHNSO EA (Costech Analytical Technologies, 
Inc, Valencia, CA, USA) was used for δ13C determination with the Delta V Advantage IRMS as 
detector. The combustion oven was set to 1000°C and the reduction oven to 650°C. Isotope and 
quantitative data were acquired using the Isodat 3.0 software. Isotope data were normalized 
using in-house standards calibrated to commercially available standards. Sugar (n=6, [δ13C -
12.02±0.09]‰) and sodium acetate (NaOAc, n=6, [δ13C -36.71±0.04]‰) were calibrated to 
IAEA-CH-6 sucrose (δ13C -10.45‰) and NIST RM 8545 LSVEC (Li2CO3; δ13C -46.6‰), 
respectively. Carbon-13 data were normalized to the delta scale using a two-point curve. 
5.3.5 Statistical methods 
The CSSI tracing approach is based on the concept that the δ13C (and 1H/D) isotope values of 
FAs may be used to distinguish land uses based on terrestrial vegetation. Note that only δ13C 
values were used in this study. One of the objectives of sampling in the STCW was to observe 
the variability of FA δ13C values in cultivated and non-cultivated regions of the watershed. A 
transect approach was used to understand the variability of fields based on sample location; a 
total of 170 field (Steppler and IS1 field) and 129 riparian (Steppler, IS3, IS1) points were 
analyzed.  
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Each sample was analyzed for total organic carbon (TOC; %C or mg C/g soil), δ13Cbulk 
values, FA concentrations (µg FA/g soil) and FA δ13CFA values. Analyzing individual transect 
points for each field provided insight into the spatial and temporal variability in TOC, FA 
concentration, and the associated isotope values. Additionally, valuable information on the effect 
of crop rotations on organic carbon (OC), FA concentrations and isotope values was obtained.  
The data were analyzed on three different scales: (i) the field scale, which included all 
transect points for each field as defined in Figure 5.1b; (ii) the transect scale, where individual 
transects were compared; (iii) the sampling point scale, where individual points of a transect 
were assessed. For the field scale and transect scale, a weighted averages approach was used to 
calculate mean δ13C values and associated weighted error. This approach was used to simulate a 
composite sample. The weighting formula selected was originally published by Cochran (1977), 
and according to Gatz and Smith (1995), results in the best approximation to bootstrapping. The 
isotopic contribution of each sample point to the overall field mean was thus not identical in its 
weighting. Weighting of δ13CFA values was based on the corresponding FA concentrations for 
that sample.  
A tracing study using CSSIs as a tool would likely not involve the analysis of individual 
transect points, but would consist of composite samples from each identified plausible source, 
for which weighting would not be required. By examining the individual and grouped data, the 
associated weighted errors provided information on the variability of individual samples to the 
overall field mean. 
The R statistical package (R Core Team, 2017) was used in the RStudio environment 
(RStudio Team, 2016) to run all weighted t-tests using the wtd.t.test function (α=0.05 or 0.10, 
two-tailed, unequal variances, bootstrapping=10000), which was part of the weights package 
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(Pasek, 2018). Standard t-tests were run using the t.test function (α=0.05, two-tailed, unequal 
variances) that was part of the R statistical package. Boxplots were generated using the included 
boxplot function. All other graphs were generated in Microsoft Excel. 
5.4 Results and discussion 
5.4.1 Bulk carbon (TOC) and VLCFA concentrations in source apportioning 
Unmixing models provide a probability distribution based on the likelihood a particular 
source contributed to a mixture. The distribution is based on the isotope values, in this case, that 
were entered for the sources and the mixture, but do not reflect an actual mass of sediment that 
has been transported. The mass contribution of each source, based on the unmixing model output 
i.e. probability distribution, has been calculated in most CSSI tracing studies using a source 
apportioning equation.  
The first subsection discusses the relationship of between VLCFA concentrations and TOC. 
In addition to source apportioning using TOC, a limited number of VLCFAs have also been used 
in some tracing studies in source differentiation (e.g. Alewell et al., 2016; Mabit et al., 2018). In 
the second subsection, the relationship between using a single VLCFA concentration to represent 
the entire panel of VLCFA concentrations obtained for this study (C20:0-C30:0, C32:0) is 
examined; this provides insight into using a limited number of tracers in a CSSI tracing study 
and their respective concentrations for source apportioning. 
5.4.1.1 The relationship between VLCFA concentrations and TOC 
Bulk carbon, or %C (TOC) values, have been used in the soil apportioning equation with the 
assumption that TOC values are a suitable proxy for FA concentrations (µg FA/g soil) (Blake et 
al., 2012; Gibbs, 2008; Mabit et al., 2018). Alewell et al. (2016) and Reiffarth et al. (2016) 
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suggested the use of FA concentrations may be preferential to using %C values. The equation 
first published by Gibbs (2008), with respect to the CSSI approach, is as follows (Equation 5.1):  
 In in Equation 5.1 refers to the mean feasible proportion of source n in a mixture as 
determined by an unmixing model. The %Cn term refers to the %C value (TOC) of source n. The 
alternative form of the equation, as suggested by Alewell et al. (2016), simply replaces the %Cn 
term with the FA concentrations, FAn. The validity of using %C values as a proxy for VLCFA 
concentrations needs to be assessed in further depth. Reiffarth et al. (in revision) discussed %C 
determination, with its associated error, and the potential consequence on unmixing model 
outcomes. The conclusion was that, although quantitatively the resultant source contribution may 
be substantially affected, the 
qualitative conclusions as to 
the major contributors to the 
mixture were not affected 
based on %C determination 
errors alone. 
The plot in Figure 5.2a 
shows the distribution of all 
field and riparian sampling 
points evaluated in the 
STCW using C26:0 VLCFA 
concentrations versus %C. 
% sourcen=
ቀIn %Cnൗ ቁ
∑ ቀIn %Cnൗ ቁin
×100 Equation 5.1 
 
 
Figure 5.2. a) C26:0 concentrations versus %C for all field and riparian 
samples; R2 values are indicated in the accompanying table. The 
linear regression is indicated for field and riparian samples, and 
for all (Total) data points. b) Averaged field (F) and riparian (R) 
data for each of the sample areas in the STCW and for each of 
the sampling periods. 
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The wide range of riparian %C/VLCFA concentration values resulted in larger R2 values than the 
more restricted range for field values. The relationship between VLCFA concentrations for the 
four chain lengths and %C values listed in the accompanying tables varied seasonally, with R2 
values as high ~0.71 for August 2012 for individual fields (not shown), and very low values for 
fields examined in October 2012 and June 2013 (<0.10). The relationship with %C of the four 
VLCFAs examined was the poorest for the October 2012 and June 2013 sampling periods for 
field data. 
In contrast to October 2012, October 2013, the R2 values were as high as 0.41. The wide 
range in R2 values and the seasonal differences are likely due to varying degrees of mobility for 
organic components present in %C, degradation processes, and the input of non-FA OC through 
conservation tillage practices. The cluster plot in Figure 5.2b indicates a fairly consistent 
grouping of field values, likely due to tillage practices and consequentially a certain degree of 
homogenization of field soils. The wide range in riparian values in the cluster plot should be 
somewhat expected, as large coefficients of variation (CV) have been reported for non-
agricultural samples (Conant et al., 2003). A variety of factors may influence the larger CV 
values, such as: non-uniform distribution of detritus and subsequent incorporation of leached 
organics into the soil; a subsurface that consists of non-uniform carbon inputs, due to fauna, root 
system distributions, and decaying organic matter; surface sediment deposits. 
The results suggest that TOC as a proxy for VLCFA concentrations is more valid for riparian 
zones than for fields having undergone conservation tillage. The distribution of data in Figure 5.2 
for riparian zones indicate that the consistency for the observed correlation would be dependent 
on the ability to adequately sample the riparian zone, as the variability in the relationship is much 
greater than for fields (Figure 5.2b). The relationship, based on R2 values, between VLCFA 
- 203 - 
 
concentrations and TOC for fields, however, was quite poor for several sampling periods, which 
are a result of lower OC in the soil. The result is not completely unexpected, as post-harvest, 
conservation tillage ensures further incorporation of organics into the soil; surface lipids for the 
aerial portion of the plant are, however, no longer being actively produced. 
5.4.1.2 Representation of total VLCFAs by individual VLCFAs 
Alewell et al. (2016) described the relationship between C26:0, C28:0 and %C. Mabit et al. 
(2018) focused on C22:0 and C24:0 for isotope source discrimination purposes, but used %C 
values for apportioning. However, the possibility for using C22:0 and C24:0 quantitative 
information in lieu of %C exists, with the scenario representing the use of a limited set of tracers. 
For this particular study, total VLCFA concentration referred to the panel of VLCFAs of chain 
lengths C20:0-C30:0 and C32:0. In order to determine how representative of the total VLCFA 
concentration any one individual VLCFA concentration was, the consistency in the relationship 
was further examined. 
Figure 5.3 illustrates the relationship between total VLCFA concentration of all field and all 
riparian samples analyzed in the STCW with respect to the concentration of C24:0 VLCFA. The 
inset table shows the four chain lengths and R2 values for which the indicated individual VLCFA 
provided the best representation of the total VLCFAs examined; all of the other chain lengths 
analyzed resulted in lower R2 values. For field 
samples, the R2 values were similar for all four 
chain lengths; however, for riparian samples, which 
tended to be much more variable in OC, the results 
for C22:0 suggested that this particular chain length 
would be the least suitable of the four. 
 
Figure 5.3. Relationship between C24:0 FA 
concentration and total VLCFAs 
analyzed in field and riparian 
samples. Only VLCFAs with the 
highest R2 values are listed in the 
table. 
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5.4.2 Spatial and temporal variability 
 Unmixing models (e.g. MixSIAR) allow for the input of multiple types of tracers, such as 
δ13Cbulk, δ15Nbulk, and δ13C/2H values for FAs of various chain lengths. Additional FA properties 
related to tracing have been suggested as a possible means of differentiating sediment sources, 
including carbon preference indices (CPI) and average chain length (ACL) by Cooper et al. 
(2015). The following sections discuss properties, including and in addition to, δ13CFA values, 
that may show potential in differentiating sediment sources. Previously published FA 
concentration-dependent characteristics that are examined include the CPI and carboxylic acid 
ratio (CAR) as introduced by Wiesenberg and Schwark (2006). Based on a similar concept, the 
aerial carboxylic acid ratio (ACAR) and root-to-aerial ratio (RAR) are introduced. The ACAR 
and RAR values are derived from VLCFA concentrations, which are obtainable through standard 
GC-FID analyses and 
may aid in further 
differentiating sediment 
sources. 
The possible number 
of permutations for 
each analysis 
performed was large, 
and thus has been 
summarized in Table 
5.2 and Table 5.3, with 
the tables divided into 
Table 5.2. Results of using t-tests and weighted t-tests (δ13C) to determine spatial 
differences between fields (Field-Field), field and riparian areas 
(Field-Rip.) and riparian areas (Rip.-Rip.) in the Steppler sub-
watershed according to sampling period. The maximum number of 
permutations (Perm.) are indicated. The values in each column 
indicate the number of successful permutations when differentiating 
regions based on the criteria shown for each column. An expanded 
version of the selected results may be found in the supplemental file 
Summary-spatial.xlsx. All possible permutations are included in the 
raw data file Raw t-test results.xlsx. 
 VLCFA δ13C  








9 8 6 0 6 1 1 7 
Aug. 10 9 5 4 6 3 5 3 
Oct. 10 10 8 5 4 3 3 4 
20









14 12 9 14 8 3 9 5 
Aug. 15 14 9 13 7 3 6 1 
Oct. 14 14 10 10 8 1 4 1 
20







12 Jul. 3 
3 2 1 2 0 1 2 0 
Aug. 3 1 1 2 0 0 1 0 
Oct. 1 1 0 2 1 0 0 0 
20
13
 Jun. 3 2 2 0 0 0 0 0 
Aug. 1 1 1 1 1 0 1 0 0 Oct. 0 0 0 0 0 0 1 0 
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spatial and temporal 
results, respectively. 
All analyses that 
resulted in a 
significance level of 
p≤0.10 have been 
included as a valid 
result i.e. the field or 
riparian area could 
be differentiated. 
More detailed summaries may be found in the Supplemental Material. 
5.4.2.1 Selection of biomarker chain lengths 
All of the saturated VLCFA chain lengths between C20:0 and C32:0, with the exception of 
C31:0, have been used in this analysis. Gibbs (2008), Mabit et al. (2018), and Brandt et al. 
(2016) used even-chain VLCFAs ranging from C20:0-C24:0; Alewell et al. (2016) focussed on 
C26:0 and C28:0; Blake et al. (2012) reported on the even-chain VLCFAs C20:0-C32:0. It is not 
clear why the odd-chain VLCFAs have been discounted as sediment tracers; odd-chain VLCFAs 
are present as plant components (e.g. Ferreira et al., 2010). Reiffarth et al. (submitted) 
demonstrated methods for excellent separation and analysis of all VLCFA chain lengths. For 
chain lengths C27:0 and C29:0, concentrations may be quite low in the soil, which may lead to 
increased unreliability for GCC-IRMS analysis, and caution should be used when these are the 
only differentiating tracers. The odd-chain VLCFAs <C27:0 were usually easily quantified and 
analyzed for δ13CFA values.  
Table 5.3. Temporal differentiation of indicated regions in the Steppler sub-
watershed. Sampling date comparisons are shown under Date. The 
number of fields and riparian areas involved in the comparison is shown 
under Sites. Each column indicates the number of sites that were 
successfully differentiated using the respective criteria provided at the 
column head.  An expanded version of the selected results may be found 
in the supplemental file Summary-temporal.xlsx. All possible 
permutations are included in the raw data file Raw t-test results.xlsx. 
  VLCFA δ13C  




12 Jul.-Aug. 5 
4 4 2 2 1 2 3 3 
Jul.-Oct. 5 5 4 2 1 1 0 2 
Aug.-Oct. 5 5 5 2 3 4 2 2  Oct.-Jun. 4 3 2 2 3 4 2 2 
20
13 Jun.-Aug. 51 
4 3 3 0 0 1 0 2 
Jun.-Oct. 4 4 4 1 2 0 1 1 








1 0 0 0 0 0 0 0 
Aug. 3 3 3 0 1 0 1 0 
Oct. 3 3 3 1 1 0 1 0  Oct.-Jun. 2 2 2 2 1 0 1 0 
20
13 Jun.-Aug. 2 
2 2 1 1 0 0 0 0 
Jun.-Oct. 1 0 0 0 1 0 0 0 
Aug.-Oct. 2 2 1 1 1 0 0 0 
1Fields A and D were combined for July and October 2013, reducing the number of field sites to 4. 
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No evidence could be found in the literature to suggest that the odd-chain VLCFAs should not 
be used any more than even-chain VLCFAs. A review by Řezanka and Sigler (2009) discussed 
sources of odd-chain VLCFAs. In soils, nematodes may contribute C20:0 VLCFAs (Ruess et al., 
2002) and mushrooms have been found to contain C20:0-C24:0 even-chain VLCFAs (Peneault 
et al., 2006). The major source of straight chain FAs >C20:0, however, is plants (Ruess and 
Chamberlain, 2010). It should be noted that most non-terrestrial plant sources are accompanied 
by unique unsaturated FA biomarkers that often lead to a fingerprint that can identify the FA 
source. 
5.4.2.2 δ13CFA values 
 The δ13CFA groupings presented in Table 5.2 and Table 5.3 were determined based on: (i) 
using the δ13CFA values of all VLCFA analyzed (20-30,32); (ii) using only the VLCFAs that 
tended to be in highest concentration (22-26,28); (iii) and selecting only C26:0 and C28:0 as 
tracers. The selection of C26:0 and C28:0 tracers only was included to determine the effect on 
successful spatial and temporal separation relative to the other two sets (all VLCFAs, major 
VLCFAs), as these were found to provide the greatest significant differences in another study 
(Alewell et al., 2016). 
For spatial analysis using the full suite of VLCFA δ13CFA values, of the 43 possible 
permutations presented in Table 5.2, 13 t-test pairings showed no significance. All groupings for 
fields and riparian areas was performed by creating composite samples based on the weighted 
δ13CFA values comprising each region (i.e. field, riparian zone), possibly leading to larger 
variability than what would have been observed had each sample been concocted prior to 
extraction and then analyzed. For example, no difference using FAs was found between fields B 
and E for June 2013 because the weighted errors for the VLCFAs associated with field B were 
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quite high (Table 5.4). For comparison, Reiffarth et al. (submitted) indicated the error for a 
C22:0 FAME standard was 0.39‰ (n=64). The increase in weighted error for samples, however, 
does reflect an increase in variability for the individual sampling points that comprise the 
composite sample, providing valuable insight into spatial/temporal variability and sampling 
approaches. In the case for field B, the field had been cordoned off from field C and had been 
made accessible from the adjacent riparian area in 2013, which had traditionally been used as a 
cattle path. The δ13CFA values for field B were thus possibly affected by cattle grazing, dung 
deposits (Dungait et al., 2010), and increased disturbance, which may affect δ13CFA values. The 
resulting p-values are a combination of the proximity of the weighted mean isotope values of 
each field to one another and the associated weighted error for each field. 
The brief summaries of t-test results in Table 5.2 indicate that spatial separation of fields was 
achieved in most cases using the full range of δ13CFA values. In July 2012, fields D and E could 
not be differentiated, which may have been due to both fields having been planted with identical 
vegetation. These two fields are examined in more detail later on. An evident loss in the ability 
to differentiate fields occurred for the August 2013 sampling periods when only C26:0 and 
C28:0 δ13CFA values were used. Indeed, the ability to differentiate fields from riparian areas and 
riparian areas from one another was negatively affected in almost all cases where only the two 
tracers were used. Considering that adequate purification methods should lead to the isolation of 
Table 5.4. Example of results for spatial comparison of fields B and E by weighted t-test for June 2013 for all 
VLCFA chain lengths analyzed (C20:0-C30:0, C32:0). Values of p>0.05 indicate no significant 
difference between fields B and E. WA: weighted average; WE: weighted error. 
 VLCFA δ13CFA 
Field Pts.  20 21 22 23 24 25 26 27 28 29 30 32 
B 3 WA -34.60 -34.27 -34.88 -35.43 -34.42 -36.45 -34.22 -36.03 -35.16 -37.62 -36.51 -35.63 WE 1.11 1.54 1.11 1.31 0.98 1.65 1.17 2.00 1.21 1.86 0.88 1.33 
 
E 6 WA -33.46 -33.23 -33.99 -33.95 -33.54 -35.48 -33.91 -35.64 -34.85 -36.66 -35.97 -34.83 WE 0.43 0.56 0.37 0.45 0.33 0.85 0.49 0.86 0.43 0.52 0.47 0.43 
 
p-value 0.23 0.43 0.35 0.18 0.30 0.50 0.76 0.78 0.74 0.52 0.50 0.47 
t-test error 0.93 1.25 0.91 1.08 0.82 1.52 1.02 1.71 1.01 1.50 0.82 1.10 
- 208 - 
 
other chain lengths, reducing the number of tracers may be undesirable, although doing so may 
not always necessarily lead to poor resolution of sources. 
In addition to spatial separation, temporal separation is also important. Seasonal fluctuations 
in δ13CFA values occurred for each field through gains and losses of OC, and changes in δ13CFA 
values due to photosynthesis. The brief summary in Table 5.3 shows an overview of 
differentiating each field using selected sampling periods. The ability to differentiate all five 
fields (A-E) between both the August and October 2012 and July-October 2012 samplings 
indicates that performing a single sampling for the purpose of sediment tracing would be 
inadequate in cropped agricultural watersheds, as sediment incorporates a time series of eroded 
material; there are clearly significant differences in all of the fields between sampling periods. 
The riparian area samples also indicated good seasonal differentiation, as these areas not only 
acted as deposition sites for sediment that had been mobilized from the surrounding fields, but 
also underwent changes in δ13CFA values due to environmental conditions. Although the 
comparisons are not examined here in detail, the possibility exists that two different fields 
compared at two different times cannot be adequately distinguished from one another, especially 
if the number of tracers are reduced. An example would be comparing field A δ13CFA values in 
July 2012 with field B values in June 2013. When only C26:0 and C28:0 were used, p-values of 
0.27 and 0.93 were obtained; however, C20:0 and C22:0 were able to differentiate the field with 
values of 0.00 and 0.01, respectively. 
The degree of variability in δ13CFA values observed between sampling points within a field 
appeared to be dependent on the time of year sampling was performed. Variability in δ13CFA 
values was greatest in the October and June sampling periods and lowest for samples acquired in 
July and August 2012, and August 2013. Field segregation, tillage practices, and hydrology may 
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all play a role, however, in adequately capturing variability. Adequate sample collection is 
necessary to ensure field variability is captured, with consideration given to the potential for soil 
located within a particular sampling area of being mobilized due to hydrology. Specific results 
will be discussed in the following sections; the complete set of isotope and concentration data for 
all areas sampled is provided in the Supplemental Material in the section entitled STCW map, 
δ13Cbulk and δ13CFA data. 
5.4.2.2.1 Spatial and temporal variability in cropped fields 
Field C 
Field C was sampled along two transects (Step 7 and Step 8) that were positioned on opposite 
sides of a hillslope that funneled into an expansive ephemeral waterway (Figure 5.1b). 
Differences in %C were evident between the two transects (Figure 5.4), which were also 
reflected in the VLCFA concentrations, as indicated in Figure 5.5. Step 7 concentrations were on 
average higher for both %C and VLCFAs. Step 8-3, located in the ephemeral waterway, 
exhibited a spike in VLCFA concentrations in August and October 2012, and June 2013, 
resulting in concentrations comparable to Step 7-3 during the same sampling periods. Step 7-3 
was located in the ephemeral waterway, and thus 
both ephemeral locations indicated an 
accumulation of VLCFAs. The R2 values 
determined for field C VLCFA concentrations and 
TOC were as high as 0.90 for July 2012, with the 
lowest values in October 2012 and June 2013 (0.18 
and 0.23, respectively). Figure 5.4. Field C weighted average δ13Cbulk 
values by transect (top) and individual 
transect point %C values (bottom). 
Weighted errors are indicated for the 
average δ13Cbulk values. 
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Reiffarth et al. (2016) discussed the influence of environmental factors on δ13CFA values; 
please see the review and references therein for a complete discussion. A summary of these 
impacts on δ13CFA values is provided in Table S5.1 (Supplemental Material). For field C, the 
 
Figure 5.5. Field C results for each of the six sampling 
periods. The upper bar graphs show the FA 
concentrations for each respective VLCFA 
analyzed. The line graphs show the individual 
field points (dashed) and the solid lines show the weighted δ13CFA averages for each transect (square 
and diamond markers). The field average is shown as a solid line with circle markers. The bar graphs 
below the lines show the respective weighted isotope errors (1σ). 
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Step 7 transect was facing SSW, whereas the Step 8 
transect was facing NNW. The weighted mean Step 
7 δ13CFA values were more negative than  
Step 8 values for most VLCFAs during most 
sampling periods (Figure 5.5), indicating greater 
discrimination against the heavier isotope for Step 7 
VLCFAs. Field variability was particularly high for 
October 2012 and 2013, and quite low for July and August 2012, indicating a need for more 
sampling points to capture field variability in the October sampling periods relative to the July 
and August ones. 
Moisture measurements taken in July and August of 2012 for field C (Table 5.5) indicated 
better moisture retention for Step 7, which would be expected to decrease 13C concentrations. 
Table 5.5 also indicates warmer soil temperatures for Step 7 existed; warmer soil temperatures 
lead to faster germination and root growth, including penetration into the soil as the soil warms 
vertically throughout the season, resulting in better nutrient uptake for the plant (Kaspar and 
Bland, 1992). Although nutrient availability in itself has not been implicated as significantly 
affecting δ13C values (Kanstrup et al., 2011; Schjoerring and Wang, 2012), the availability of 
nitrogen is an important factor in plant growth and thus the rate of photosynthesis. Generally, a 
higher rate of photosynthesis would be expected to increase 13C concentrations in the plant 
(Reiffarth et al., 2016; Schjoerring and Wang, 2012) as less discrimination against the heavier 
isotope during rapid growth occurs. Step 7 produced more negative δ13CFA values for almost all 
VLCFAs during all sampling periods, possibly indicating more optimal growing conditions. 
Although a biomass survey was not conducted, the increased concentrations of VLCFAs for Step 
Table 5.5. Field C soil moisture and soil 
temperature data were collected for 
the July and August 2012 sampling 
periods using a Stevens HydraProbe 
(n=5). 
 Moisture Temperature 
 July August July August 
 % SD % SD °C SD °C SD 
Step 7-1 36.9 6.9 11.3 3.1 27.4 0.1 27.3 0.0 
Step 7-2 39.2 3.8 8.7 2.8 27.3 0.0 27.8 0.2 
Step 7-3 42.7 3.4 10.4 4.2 26.6 0.2 29.1 0.0 
Average 39.6 5.2 10.2 3.3 27.1 0.4 28.1 0.8 
         
Step 8-1 29.9 2.7 8.4 1.7 25.2 0.1 26.9 0.1 
Step 8-2 34.7 7.1 11.0 3.1 25.8 0.4 27.5 0.1 
Step 8-3 41.6 1.4 11.1 1.8 26.4 0.1 27.8 0.1 
Average 35.4 6.5 10.2 2.5 25.8 0.6 27.4 0.4 
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7 over Step 8 during sampling when plants 
were near maturity suggests better growth of 
crops for Step 7; poorer retention of VLCFAs 
in the soil in the Step 8 sampling sites may 
also have occurred. Observations made in July 
2012 indicated shorter plants at the hilltops 
where B and C horizon material tended to predominate. Note that the VLCFA concentrations 
were relatively low and similar for both transects in October 2012 and June 2013, indicating the 
ability for the soil to retain VLCFAs may have been similar. 
Temporal variability in weighted mean δ13CFA values for the six sampling periods for field C 
is shown in Figure 5.6, and is characteristic of the amount of variation that was seen for each 
field between sampling periods. Field C illustrated that, despite what appeared to be a 
homogenous field, very different growing conditions prevailed on both hillslopes (Step 7 and 
Step 8), and pure observation at the time of sampling would not have suggested a large 
discrepancy in VLCFA inputs and losses existed between the two transects. The average δ13CFA 
values for each transect differed considerably such that sampling only one of the slopes would 
affect the values inputted as a potential source in an unmixing model. 
Field A 
Changes in field δ13CFA variability due to location within the field were evident for field A, 
for which nine sampling points (transects Step 1, 2, and 4) were analyzed. Transects Step 1 and 2 
were located perpendicular to one another (Figure 5.1b), whereas Step 4 was located across from 
Step 2; an ephemeral flow path existed at the lower points of transects Step 2 and Step 4. Figure 
5.7a illustrates how similar Step 1 and 2 were in δ13CFA values once the individual transect points 
Figure 5.6. Temporal changes in δ13CFA values (lines) 
for field C over six sampling periods for 
VLCFA chain lengths C20:0-C30:0, C32:0. 
Bar graphs indicate weighted errors. 
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were weighted to produce the transect mean. In spite of considerable variability for individual 
transect points that comprised Step 1 and Step 2, particularly for chain lengths <C26:0, near 
perfect overlap of both transects occurred once the individual points were weighted. The Step 4 
transect produced a δ13CFA mean value of a magnitude that affected the overall field isotope 
averages for the July 2012 through June 2013 sampling periods. The effect of removing the Step 
4 transect on the overall field mean is shown in Figure 5.7b relative to the field A δ13CFA values, 
which included all points. The difference for C22:0 with and without Step 4 as part of the field 
mean was 0.88‰ and the difference for C23:0 was 0.69‰. In a CSSI tracing study, C22:0 could 
reasonably be used as a tracer, and has been. An even more dramatic difference was seen for 
October 2012 (see Supplemental Material STCW map, δ13Cbulk and δ13CFA data–Temporal data) 
where differences in C23:0 and C24:0 field averages with and without Step 4 were 1.30‰ and 
1.28‰, respectively. 
Examination of field A, with C24:0 used as a proxy for overall FA concentrations, illustrates 
the seasonal change in VLCFA concentrations (Figure 5.8a). Concavity of the slope along Step 4 
likely lead to accumulations of FA-containing sediments, such as was seen for Step 4-2 for 
August 2012. Such concavity therefore has the potential to act as a retention of sediment, which 
Figure 5.7. δ13CFA values (line graphs), with weighted errors (bar graphs) in August 2012. a) Field A with transect 
4 removed. b) All weighted field average δ13CFA values in the Steppler sub-watershed. In the legend, 
Field A (1,2) refers to Field A without Step 4 values.  
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may impact temporal downstream measurement, as mobilization of the deposits could be 
dependent on the magnitude of the flow event, thus affecting the tracing signal. 
The apparent losses in FA concentrations in October 2012 and June 2013 (Figure 5.8a) 
relative to the first two sampling periods, particularly for Step 1 and 2, suggests that FA material 
was not simply redistributed but had been mobilized and removed from the field. Note that both 
Step 2-3 and 4-3 were located within an ephemeral flow path, so highly variable FA 
concentrations would be expected, depending on flow events and resulting sediment 
redistribution; the same could be expected at the field edge (e.g. Step 1-3) for a sloped field. 
Figure 5.8b illustrates the difference in Step 4-2 δ13CFA values compared to the other two transect 
points for August 2012, with Step 4-2 clearly more positive than the field A mean. Step 4-2 
concentrations were the greatest for the three points and dwarfed the field A mean (Figure 5.8b). 
The true contribution to mobilized sediment by Step 4-2 is difficult to evaluate, however. 
The positive nature of the δ13CFA values for Step 4 in July 2012 were in contrast to the 
observations for field C. The slope upon which Step 4 was located was southeast facing. 
Whereas the southwestern orientated transect (step 7) in field C produced more negative values 
than its complementary northeastern facing transect (Step 8) in July 2012, Step 4 was 
Figure 5.8. a) The concentration of C24:0 was used as a proxy for overall FA concentrations for field 
A. The FA concentration for each point along the transects comprising field A are shown 
e.g. Step 1:1-3. The mean FA concentration for each transect is shown on the right (Step 1, 
2, 4). b) Line graphs represent δ13CFA values, with bar graphs showing concentrations for 
each respective VLCFA chain length. The field A line does not include Step 4 values; the 
F bar graph value is based on the average concentration for field A without Step 4. 
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considerably more positive. Moisture and temperature data for Step 4 indicated averages of 
38.8±2.9% and 26.9±0.4°C, respectively, which were slightly lower than Step 7 averages taken 
on the same day. Unfortunately, only Step 2-3 was measured on the same day as part of field A, 
which showed higher moisture (41.0%) and lower soil temperatures (25.5°C) than Step 4. A 
faster rate of photosynthesis may have contributed to the more positive values (Reiffarth et al., 
2016). 
Spatial differentiation of similar fields D and E 
Fields D and E were planted with the same crop type (canola) in 2012 and were spatially 
separated by a riparian zone (Figure 5.1b). Fields D and E were comprised of two transects each, 
Step 6/10 and Step 5/9, respectively. For the 
August 2012 sampling period, there was 
almost complete overlap of all δ13CFA values 
for all chain lengths for field D (Figure 5.9), 
with a similar result for field E (see 
Supplemental Material STCW map, δ13Cbulk 
and δ13CFA data–Spatial data). Since at least 
2008, fields D and E shared a cropping 
history (Table 5.1). Although located in fields 
that were physically separated by a riparian 
zone, transects Step 5/6 and Step 9/10 were 
combined to produce fields F and G, 
respectively, in order to determine if a shared 
cropping history may result in 
 
Figure 5.9. Weighted δ13CFA values (lines) for field D 
and artificially generated fields F and G, 
August 2012. Dashed lines indicate 
individual transect points. Bar graphs 
indicate weighted errors. 
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indistinguishable δ13CFA values. Figure 5.9 shows that the two transects used to produce field F 
were almost isotopically indistinguishable in the August 2012 sampling period, and the transects 
to produce field G even more so with almost complete overlap. The two field G transects (Step 9 
and 10) showed almost no separation in δ13CFA values the following year in August 2013 (see 
Supplemental Material STCW map, δ13Cbulk and δ13CFA data–Spatial data), despite the field 
containing transect Step 9 having been planted with wheat in 2013 and the field containing 
transect Step 10 having been planted with canola. The variability of the composite sample for 
field G in August 2013 was greater than the variability for Field G in August 2012, however, but 
the weighted average values of each transect resulted in almost no differences in δ13CFA values, 
particularly for the VLCFAs C22:0-C26:0 and C28:0. No VLCFAs were able to distinguish field 
D from field E for the July 2012 sampling period, with the only property showing a difference 
being the CPI (see Supplemental Material Summary-spatial.xlsx, Summary tab). 
The weighted average δ13CFA values for transects comprising fields D and E (Figure 5.10) 
were all similar for August 2012. Note that the δ13CFA weighted error associated with Field D in 
Figure 5.9 was also quite low for FAs C22:0-C30:0. The only two FAs that were capable of 
distinguishing Field D from Field E were C22:0 and C23:0. The greatest weighted δ13CFA errors 
were for C20:0 and C21:0 for field D, and C27:0 for field E, and were merely 0.60‰, 0.65‰ 
0.60‰, respectively. The extent to which the error was affected by combining the individual 
transect points for 
each respective field 
to produce the 
composite field 
sample error is Figure 5.10. a) Weighted δ13CFA values for transects for fields D and E, August and 
October 2012. b) Averaged C24:0 concentration used as a proxy for 
total FA concentration for each transect. 
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difficult to ascertain, as the errors were a combination of analytical and natural variability, and 
thus the errors may be lower than expected after combining in the event the errors partially 
cancelled each other. The reduced error for each individual field and VLCFA may thus have 
made it possible to distinguish the two fields. The one point of note is that had only C26:0 and 
C28:0 FAs been used, the fields could not have been distinguished, suggesting that minimizing 
the number of tracers used may be ineffective in a complex agricultural watershed. The errors for 
fields D and E for August 2012 C26:0 and C28:0 ranged from 0.08-0.37‰, the maximum of 
which would be a reasonable range of variability for the analysis of a pure VLCFA standard. 
The separation in δ13CFA values for October 2012 (Figure 5.10a) suggests field differentiation 
of D and E should be easily achieved, and likely would have been if only analytical error had 
been considered. With only three sampling periods in the 2012 season, the transformation in 
δ13CFA values and FA concentrations between periods is difficult to evaluate. Whether the 
transformation is gradual or due to periodic flow events and subsequent loss is not clear based on 
the data collected. Using the transect results as an example of the overall observations made for 
most transects and fields, a transformation clearly does occur, however, and as such highlights 
the need for multiple samplings throughout the growing season. 
For fields D and E, Step 10 (field D) had the greatest slope at 6.7% and was subject to greater 
losses in VLCFA concentration than either transects Step 5/6 (5.3% and 4.4% slope) or Step 9 
(5.7% slope). Using the C24:0 concentration as a proxy for total FA concentrations, Figure 5.10b 
indicates that between August and October 2012, all transects for fields D (Step 6/10) and E 
(Step 5/9) were subject to considerable VLCFA losses; however, field D (Step 6/10) was 
affected significantly more than field E (Step 5/9). For October 2012, the isotope values for the 
opposing transects Step 5 and 6 were more similar than for the pairings of Step 6 and 10 (field 
- 218 - 
 
D), or Step 5 and 9 (field E), which comprised the actual fields. The inability to distinguish field 
D from E in 2012 is not particularly surprising due to the proximity of the fields to one another 
and the shared cropping history (Table 5.1). Indeed, the inability to distinguish transect 9 from 
10 in August 2013, despite different types of vegetation, may in part have been due to the shared 
history, or possibly due to an inadequate number of samples. However, in the event fields D and 
E are not distinguishable, a review of VLCFA concentrations, such as those shown in Figure 
5.10, would strongly suggest that field D resulted in more soil mobilization and loss than field E, 
with the assumption that the change in VLCFA concentrations is representative of soil 
mobilization. 
One of the properties of VLCFAs that makes them suitable biomarkers is their recalcitrance in 
the soil (Reiffarth et al., 2016). Bulk carbon isotope values and concentration have been shown 
to vary with depth (e.g. Desjardins et al., 2013; Roscoe et al., 2001), as well as a decrease in total 
lipids as a function of TOC (Naafs et al., 2004). Indeed, the arable fields examined here 
generally exhibited lower VLCFA concentrations for B/C horizon soils than for A horizon ones. 
Disaggregation of soil samples in the STCW resulted in more negative δ13C values (Reiffarth et 
al., submitted), suggesting the release of recalcitrant VLCFAs. Tillage decreases aggregate 
stability (Schomakers et al., 2011), as do rainfall (Rimal and Lal, 2009) and snowmelt (Li et al., 
2007), so the amount of disaggregation and historical VLCFA release that occurs in exposed 
soils is difficult to estimate. Temporal δ13C VLCFA fluctuations are thus dependent on 
contemporary inputs, degree of disaggregation and of soil movement.  
Examination of the cropped fields described above provided some important conclusions 
about sampling approaches: (i) seasonal changes in δ13CFA values were evident throughout the 
sampling periods; (ii) variability tended to be lowest during active crop growth, close to 
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maturity, and immediately after harvest; (iii) spatially separated fields under similar 
environmental conditions and crop cover cannot be expected to produce unique δ13CFA values; 
(iv) inadequate sampling may lead to significant differences in field δ13CFA values (e.g. field A), 
which could affect source inputs/outcomes in an unmixing model; and (v) performing only a 
single sampling in a growing season is likely inadequate for the purpose of CSSI tracing due to 
changes in tracer signal. 
5.4.2.2.2 Spatial and temporal variability of riparian areas 
The riparian areas may be divided into two regions: The riparian zones found within the 
Steppler sub-watershed, and those located downstream thereof (IS3 and IS1 locations). The B1 
riparian area (Figure 5.1b) was not sampled in August and October 2013. The riparian areas in 
the Steppler sub-watershed were deposition points for sediment and acted as ephemeral 
waterways during runoff events. Although road divisions occurred between the various fields of 
the STCW, culverts and drainage ditches interconnected the network that fed the STC, enabling 
transport of sediment from fields outside of the Steppler sub-watershed to the Steppler riparian 
zones. 
It should be noted that soil cores were taken to 12.5 cm even in riparian areas and the validity 
of the depth was not explored. The homogeneity of the core in terms of change in δ13CFA values 
with depth was not evaluated. The riparian areas were also heavily covered with vegetation, 
particularly for the Steppler sub-watershed, which would severely limit the mobilization of 
subsurface soil unless disturbed or exposed areas were present. 
Table 5.2 indicates that spatial differentiation between field and riparian zone in the Steppler 
sub-watershed was mostly successful, as well as differentiation between riparian zones. Similarly 
for Table 5.3, temporal differentiation was possible. As with the Steppler fields, differentiation 
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was not always possible due to the high degree of error associated with creating a composite 
sample from multiple points. Spatial variability in general was more difficult to capture in 
Steppler riparian areas than in fields, as VLCFA concentrations were high and each point 
contributed significantly to the overall field average, as riparian cores were primarily A horizon 
soils. The Steppler riparian values fluctuated between sampling periods, indicating the necessity 
to sample multiple times to capture seasonal changes. 
Two additional riparian areas were sampled downstream of the Steppler sub-watershed: IS1 
and IS3. Both riparian areas consisted of complementary transects located on opposite sides of 
the STC with two sampling points per transect. Both areas exhibited a high degree of spatial 
variability in δ13CFA values. Despite high spatial variability for IS1 in July 2012, near overlap in 
the averaged δ13CFA values for each transect occurred. This was also the case for chain lengths 
≥C24:0 in August 2012. Considerable changes in VLCFA concentrations were observed for both 
sampling locations. Particularly, a drop in VLCFA concentrations was evident for IS1 during 
October 2012 and June 2013, yet a notable increase was evident in October 2013. Similar to the 
conclusions reached for seasonal variability regarding VLCFA concentrations and δ13CFA values 
for cultivated fields, sediment tracing studies would benefit from riparian sources being sampled 
multiple times throughout the growing season. The results are included in the Supplemental 
Materials. 
5.4.2.2.3 Randomized sampling 
The purpose of the randomization tests was to evaluate the effect of sampling location and 
number of samples analyzed within a field on the p-value when evaluated by weighted t-test: the 
closer a p-value was to unity, the closer the two samples being analyzed were in terms of isotope 
values. For field A in July 2012, for example, a total of nine transect points were used to 
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determine the weighted field average δ13CFA values, which included points from transects Step 1, 
2 and 4. Random values were assigned to each of the nine transect points using the 
randomization function RAND() in Microsoft Excel, each sampling point was assigned to a 
randomized value, and the list was subsequently sorted. The order of the list and thus the transect 
point order was retained for each trial. The process was repeated twice more, resulting in three 
independent, randomized, lists (trials A-C) of transect points for field A in July 2012. A 
weighted t-test was used to analyze the three possible permutations (trials A-B, A-C, and B-C) 
using only three randomized points for each trial, and again using four points, until eight of the 
nine possible points were used.  
An identical approach was used for field A June 2013 values. Additionally, a June 2013 
randomization test using combined data for fields A and D was performed, as both fields were 
planted with an identical crop type (canola) and were adjacent to one another. In the absence of 
prior knowledge with respect to previous crop history, a reasonable assumption during the June 
2013 sampling would have been to treat the field as a single entity due to spatial proximity and 
identical crop cover. The maximum number of transect points increased to 15 for the field AD 
(field A + field D) combination.  
One of the limitations of the randomization test/approach is that no trial necessarily represents 
the “true” mean field δ13CFA values. The randomization test was performed in this manner, as 
opposed to selecting an ever-increasing number of transect points for each trial and comparing to 
the known field A average (all nine points) because the possibility existed to maximize the 
spread in δ13CFA values between trials, which could realistically occur with limited sampling. 
The resulting p-values thus gave an indication as to the effect of sampling on composite sample 
creation during the growing season (July 2012), post-tillage and during sprouting (June 2013), 
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and sampling of a field without a priori knowledge of field boundaries and cropping history 
(field AD). A selection of the results of the tests is presented below. 
July 2012/June 2013 field A sampling 
The sampling points contributing to the weighted average δ13CFA value for field A exhibited 
lower variability in July 2012 than June 2013. As discussed prior, Step 4, and in particular, Step 
4-2, contributed considerably to field A variability (Figure 5.8b). For trial B July 2012, the first 
three points used to create a composite field A sample included Step 4-2, whereas Step 4-2 was 
not included for trial C until all points (9) had been used (Figure 5.11). Consequently, when only 
three points were used in the t-test, p-values were very low.  
There is no simple solution to the number of samples that should be collected. For the 
transects that were sampled for field A in July 2012 and June 2013 (see Supplemental Material), 
five of six trials showed the greatest average increase in similarities (p-values) between paired 
trials when the number of sampling points was increased from 3 to 4, although not all VLCFAs 
were affected equally; however, the inclusion/exclusion of extreme values will determine 
whether or not field variability was adequately captured. Questions arise as to whether or not to 
create a composite field sample irrespective of field size or to select regions within a field where 
runoff may be an issue. Fields D and E, discussed earlier, would represent such a case where 
transect pairs 5 (field E) and 6 (field D) were more similar in isotope values than 9 (field E) and 
10 (field D). If an 
unmixing model 
suggest Step 5 and Step 
6 to be a sediment 
No. Trial B Trial C 
1 Step 1-1 Step 1-3 
2 Step 2-3 Step 4-1 
3 Step 4-2 Step 1-2 
4 Step 1-2 Step 1-1 
5 Step 1-3 Step 2-1 
6 Step 4-1 Step 2-2 
7 Step 4-3 Step 4-3 
8 Step 2-1 Step 2-3 
9 Step 2-2 Step 4-2 
Figure 5.11. p-values for each combination of trials B and C, dependent on the 
number of transect points used for July 2012 field A. The randomized 
transect points are listed in order of use for each trial in the 
accompanying table. The bars for each chain length represent 3-7 
points used, from left to right. 
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source, for example, the primary source could be deduced based on relative VLCFA losses for 
each field. 
June 2013 field AD sampling 
With the assumption that the area designated as field A and field D was one large field, as it 
was entirely planted with canola in 2013, transects Step 1, 2, 4, 6 and 10 were pooled as part of 
the randomization experiment. The results for trials A-B versus trials A-C (Figure 5.12) are 
heavily contrasted in terms of p-values, particularly for VLCFAs chain lengths ≥C24:0. A 
similar result to the A-C trial was obtained for the B-C trial, although the p-values increased 
noticeably once a minimum of six points was used (see Supplemental Material). Interestingly, 
the VLCFAs C20:0-C23:0 produced fairly high p-values in the A-C trial, which may in part have 
been due to theses chain lengths not being strongly related to the aerial portions of the plant. 
The significant spread in field δ13CFA values between fields A and D in June 2013 is seen in 
Figure 5.12. Field A produced much more positive δ13CFA values than field D. The weighted 
δ13CFA errors for each of the trials were not large when compared to the weighted error for each 
field. The spread in the VLCFA values for the actual fields and trials highlights the difficulty in 
proper sampling. The results for the randomized sampling of field AD indicate the importance of 
knowing the fields 
cropping history 
and previous 
boundaries. For the 
June 2013 
sampling, the two 
fields should not 
 
No. Trial A Trial B Trial C
1 Step 2-1 Step 1-2 Step 1-3 
2 Step 6-1 Step 2-1 Step 6-2 
3 Step 1-2 Step 6-2 Step 10-2
4 Step 4-2 Step 1-3 Step 6-3 
5 Step 6-3 Step 10-2 Step 10-1
6 Step 4-1 Step 10-3 Step 6-1 
7 Step 2-2 Step 10-1 Step 10-3
8 Step 4-3 Step 6-1 Step 4-1 
9 Step 10-3 Step 1-1 Step 2-2 
Figure 5.12. The bar graph indicates the p-values for each combination of the trials 
indicated. The randomized transect points are listed in order of use for each 
trial in the accompanying table. The bars for each chain length represent 3-7 
points used, from left to right.  
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have been treated as a single entity, as combining the isotope values would likely lead to a tracer 
value that may not be recognized by the unmixing model as a possible source. 
5.4.2.3 Additional source differentiation factors: δ13Cbulk, CPI, CAR, ACAR, RAR 
Table 5.2 and Table 5.3 indicate additional factors (δ13Cbulk, CPI, CAR, ACAR, RAR) that 
could potentially be used to differentiate sediment sources. With the exception of δ13Cbulk values, 
all of the other calculations may be easily performed using VLCFA concentrations obtained by 
GC-FID analysis. Table 5.2 and Table 5.3 indicate the number of instances in which these 
additional properties were successfully used to differentiate the respective sources and may be 
used in a composite fingerprinting approach. 
5.4.2.3.1 δ13Cbulk 
Seasonal changes for field C δ13Cbulk values and TOC were presented in Figure 5.4a and b, 
respectively, for transects Step 7 and 8 for the six sampling periods examined in this study. A 
difference in δ13Cbulk values between Step 7 and 8 was evident for most sampling periods. The 
error bars are an indication of the variability associated with each individual transect point. The 
δ13Cbulk values were not static throughout the growing season for field C. Additional discussion 
with respect to factors affecting δ13Cbulk values may be found in the corresponding section of the 
Supplemental Material, along with information on bulk values for riparian zones. 
A complete overview of δ13Cbulk values for fields A-E is shown in Figure 5.13. Fields A and D 
were treated separately for the August and October 2013 sampling periods. Conservation tillage 
was applied in the Steppler fields, a practice which would be expected to affect %C values, and 
hence isotope values. The weighted errors shown in Figure 5.13a for each field are the product of 
creating a composite sample by combining the analysis of individual transect points, which in 
several cases may have increased the error beyond the general error expected for the analysis by 
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EA-IRMS had a single, bulked sample been analyzed multiple times. Conversely, creating the 
composite sample may have also suppressed the expected analytical error in some cases, such as 
the June 2013 field B average, where the error was almost non-existent. For reference, analytical 
error for elemental analysis (EA) methods is generally accepted to 0.1‰ for standards 
(Grassineau, 2006; Pye et al., 2006; Zhang et al., 2012). The standard deviation for all Steppler 
fields (n=155) was 0.44‰ and for all riparian areas 0.42‰ (n=81). 
The results in Table 5.2 indicate that differentiation between fields using δ13Cbulk values was 
unsuccessful for the July 2012 and June/August 2013 sampling periods. Examination of the field 
values for July 2012, whether using the weighted errors produced by creating a composite 
sample in Figure 5.13a or the constrained error in Figure 5.13b, indicates that separation of the 
field by δ13Cbulk values would not be possible. Using constrained errors shown in Figure 5.13b, 
only field C could be differentiated in August 2012, and possibly field A in June of 2013. Figure 
5.13 indicates how different the δ13Cbulk values were between fields A and D for both the August 
and October 2013 sampling periods, despite both 
fields having been planted with canola. 
Finding a trend in δ13Cbulk values based on 
vegetation proved to be elusive, although some 
general observations were made. For example, 
both fields D and E were planted with canola in 
2012 after having been planted with wheat in 
2011, and identical crop types since at least 2008; 
field E showed a negative trend in δ13Cbulk values, 
whereas field D showed no net trend for 2012 
 
Figure 5.13. The average weighted δ13Cbulk values 
for each field in the Steppler sub-
watershed according to sampling 
period. In a), weighted errors are 
indicated by the error bars. In b), the 
errors have been constrained to ±0.1‰ 
using the same field averages. A 
regression line for each field and 
season is indicated in a). 
- 226 - 
 
(Figure 5.13a). However, if the October 2012 δ13Cbulk value is removed, a similar trend is 
observed for both fields. Field C, conversely, showed a positive trend in δ13Cbulk values when the 
field was converted from wheat in 2012 to canola in 2013. All of the fields and transects sampled 
within the Steppler sub-watershed had slopes of approximately 5-10%, so losses in OC during 
flow events would be expected, which likely affected δ13Cbulk values. 
No C4 crops were planted in the Steppler fields that were sampled from at least 2008-2013. 
Two additional fields near IS1 (Figure 5.1a), downstream of the Steppler sub-watershed, were 
sampled, but only one field sampling point was acquired for each field during the six sampling 
periods. The cropping history from 2010-2013 is shown in Figure 5.14a, with no C4 crops 
planted in 2008-09. Both fields had almost no slope, with very little change in %C values for 
either field throughout each of the sampling periods (Figure 5.14b). Field IS1 was planted with 
corn in 2011, with canola in 2012, and soy in 2013. With the planting of a C4 crop, an 
expectation of a trend toward more positive δ13Cbulk values was expected considering the large 
separation in C3 and C4 δ13Cbulk values. The IS1 site showed very little change in δ13Cbulk values 
in the season after the field had been planted with corn (Figure 5.14c), although a slight positive 
spike in VLCFA 
δ13CFA values was 
observed in July 2012 
for chain lengths 
C20:0-C22:0. The 
2012 values for IS1 
may have already 
reflected the presence Figure 5.14. a) Cropping history for the IS1 and IS1A fields 2010-2013. b) Fields IS1 and IS1A %C values. c) Fields IS1 and IS1A δ13Cbulk values. Curves 
are for visualization purposes only and are not intended to imply a 
statistical trend. 
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of corn in the previous season, which lead to the dip in isotope values for June 2013 when C3 
crops were planted. Isotope and concentration data for VLCFAs for IS1 and IS1A may be found 
in the Supplemental Material. The IS1A site showed very little change in δ13Cbulk values during 
2012 while cropped with corn, but did show a positive spike in δ13Cbulk values in June 2013 
together with an increase in %C. 
5.4.2.3.2 Carbon preference index (CPI) 
The CPI may be used to express the relationship between even and odd chain length carbon 
containing molecules, and is easily calculated using concentrations of VLCFAs determined by 
GC-FID: 
CPI= ሺC20+C22+C24+C26+C28+C30+C32ሻሺC21+C23+C25+C27+C29ሻ Equation 5.2 
The even-over-odd preference of VLCFA chain lengths is evident in soil extracts by simple 
visual inspection of any GC-FID chromatogram (Reiffarth et al., submitted). The CPI 
calculations were successful in differentiating some fields both spatially and temporally by 
standard t-test, as shown in Table 5.2 and Table 5.3. The contrast in Steppler field CPI values 
was stark in many cases, with values such as 3.58 for field B and 2.54 for field E in July 2012. 
5.4.2.3.3 CAR, ACAR and RAR 
Wiesenberg and Schwark (2006) discussed using the relationship between C22:0, C24:0 and 
C26:0 VLCFAs to derive a ratio to differentiate C3 and C4 crop types, referred to as the CAR 
(Equation 5.3): 
CAR= C24:0(C22:0+C26:0) Equation 5.3 
The authors applied Equation 5.3 to plant biomass, which was divided into root, stem and leaf 
components. When Equation 5.3 was applied to all of the soil samples collected and analyzed in 
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the Steppler sub-watershed, a consistent ratio was produced for the concentration of VLCFAs. 
For example, for the July 2012 sampling season (n=33), a ratio of 0.71 was produced with a 
relative standard deviation (RSD) of 5.53%. For the August 2012 sampling, the average ratio 
(n=32) was 0.72 with a RSD of 3.74%. The IS1 and IS1A fields sampled showed similar values 
as the Steppler fields. The Steppler riparian CAR values showed greater variability, with values 
as low as 0.67 and as high as 0.77. The IS1 and IS3 sites also exhibited a lot of fluctuation, with 
values as high as 0.70. Most values, however, were in the low- to mid-0.60 range, indicating that 
CAR values could be used to differentiate riparian areas from fields.  
Wiesenberg et al. (2012) investigated the FA composition of Miscanthus giganteus, a C4 
grass, and indicated that the root portion of the plant was highest in C22:0-C26:0, and that the 
aerial portion of the plant (stems/leaves) were the primary source of C28:0 and C30:0 by a large 
degree. An assumption was made that the VLCFAs could be divided into the root VLCFAs 
(C22:0, C24:0, C26:0) and the aerial VLCFAs (C28:0, C30:0, C32:0). It is important to note, 
however, that Wiesenberg et al. have reported significant contributions by the stem and leaves to 
the VLCFAs of ≤C26:0, dependent on plant type and growth (Wiesenberg et al., 2012; 
Wiesenberg and Schwark, 2006). 
Similar to the CARs but applied to the VLCFAs which were predominately of aerial origin, 
ACARs were calculated based on the even-chain VLCFAs C28:0-C32:0 according to Equation 
5.4: 
ACAR= C28:0C30:0+C32:0 Equation 5.4 
Unlike the CARs, ACAR calculations produced values that exhibited much higher variability. 
For example, the average CAR for field A in July 2012 was 0.70±0.04 and the ACAR was 
0.68±0.09. The increased variability for the ACAR may have been due in part to increased error 
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associated with quantifying the C30:0 and C32:0 VLCFAs (Reiffarth et al., submitted). The 
variability also reflects that a composite sample from individual transect points was created. The 
ACARs used to differentiate the fields and riparian areas in Table 5.2 and Table 5.3 reflected the 
higher degree of variability due to differences between individual samples when used in the t-
test. A true composite sample may result in decreased variability and thus better differentiation. 
As an extension of the CARs and ACARs, the RAR was calculated based on the C22:0-C26:0 
even-chain VLCFAs primarily of root origin, and the even-chain VLCFAs C28:0-C32:0 that 
originate from the aerial portion of the plant Wiesenberg et al. (2012) according to Equation 5.5. 
RAR= C22:0+C24:0+C26:0C28:0+C30:0+C32:0 Equation 5.5  
The RAR for field A, June 2012 was 0.99±0.10, August 2012 was 0.91±0.11 and October 
2012 was 1.07±0.14. The errors reflected likely reflect the creation of a composite sample. The 
change in values between sampling periods reflects the change in VLCFA inputs of root versus 
aerial sources, the greater number for October suggesting fewer aerial inputs relative to root 
material. 
5.5 Conclusions 
The following conclusions were arrived at: 
1. A relationship between VLCFA concentrations and %C does exist, but the relationship 
is not dependable and varies by season. Using the assumption that VLCFA transport is 
linked to sediment movement, VLCFA concentrations are the preferable method of soil 
apportioning. Additional investigation into the relationship, such as instream sediment 
where non-terrestrial organic inputs may be of concern, would be useful. 
2. A relationship between individual chain length VLCFAs and total VLCFAs analyzed 
(C20:0-C30:0, C32:0) was found for field and riparian samples examined in the STCW. 
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Of the major straight chain VLCFAs (C22:0, C24:0, C26:0, C28:0), the relationship 
was strongest for C24:0 and weakest for C22:0. The implication is that if a single 
VLCFA is used in source apportioning, a single VLCFA concentration may 
misrepresent overall VLCFA mobility, and the degree of misrepresentation may be 
dependent on sample source and VLCFA chain length used. 
3. The use of δ13CFA values allowed for differentiating fields, fields from riparian areas, 
and riparian areas from one another by weighted t-test. 
4. Within field spatial variability was evident for all fields, indicating that adequate 
sampling is required. Differences due to slope orientation and environmental conditions 
were evident in δ13CFA soil values based on transect locations and sampling sites. 
5. Simulated randomized sampling suggested a minimum of 3-4 samples should be 
acquired throughout the field, but is likely dependent on field size. The best approach 
may not be to simply randomly bulk soil samples from various locations within a field, 
as isotope values will be weighted and may not necessarily reflect mobilized sediment.  
6. Differentiation of sources was most effectively achieved when the full panel of VLCFA 
was used (C20:0-C30:0, C32:0) with the corresponding δ13CFA values in weighted t-
tests. A slight loss in resolution occurred when only C22:0-C26:0 and C28:0 (the major 
VLCFAs, based on concentrations) were used. The use of only C26:0 and C28:0 
resulted in a significant loss of resolution in several cases. When only odd-chain 
VLCFAs ≥C27:0 are able to differentiate sources, caution should be used with respect 
to the reliability of the δ13CFA values. 
7. Similarities in δ13CFA values may arise where areas are spatially separated, but contain 
the same crop type, particularly where a similar planting history exists. 
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8. Fields and riparian areas were mostly successfully differentiated on a temporal scale. 
The possibility of isotopic overlap of two spatially and temporally separated samples 
exists. Limiting the number of tracers increases the susceptibility to overlap and thus 
non-differentiation. 
9. Variability in δ13CFA values tended to be highest for fields in the late fall, several weeks 
after harvest, and early spring, even after tilling. The concentration of VLCFAs also 
tended to be lowest during these periods, with accumulations of VLCFAs occurring in 
ephemeral waterways. The increased variability may require an increase in sample 
collection, and the decreased VLCFA concentrations may affect soil analysis, requiring 
larger samples. 
10. Additional information, such as δ13Cbulk, CPI, CAR, ACAR and RAR data, may aid in 
differentiating sources where poor to no differentiation exists using δ13CFA values 
alone. 
5.6 Recommendations 
The following are recommendations for sampling and data handling when performing a CSSI 
tracing study: 
1. Based on observations in the STCW, multiple sampling periods are preferred 
throughout the growing season in order to capture changes in δ13CFA values. The 
number of minimum preferred samplings is not known, but all three samplings 
performed in each of 2012 and 2013 indicated considerable temporal differences in 
δ13CFA values for a given location. 
2. Knowledge of field cropping history is important with respect to sampling location and 
timing, particularly where field boundaries have shifted significantly. Prior to sampling, 
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such determinations should be made. A minimum of 3-4 sites to represent a particular 
source should be used to create a composite sample, but is likely dependent on field 
size. A truly randomized approach may not necessarily adequately or appropriately 
characterize sources of sediment. Sampling should focus on areas of surface flow and 
erosion that are likely to generate sediment. 
3. The use of VLCFA concentrations in soil apportioning is preferential to using %C 
values, although further investigation of differing soil and sediment types is required to 
better understand the relationship. Use of multiple VLCFAs, particularly ones found at 
higher concentrations in the soil (C22:0-C26:0, C28:0), should be included as part of a 
complete tracer panel whenever possible. 
5.7 Acknowledgement 
This work is funded by a NSERC Strategic Grant STPGP 413426-2011—Development of 
environmental fingerprinting techniques for sources of sediment and associated phosphorus 
within agricultural watersheds of Canada—to DAL, PNO and ELP. The purchasing of analytical 
equipment used in this project was made possible through the Canada Foundation for Innovation 
and the Western Economic Diversification Program. Analytical laboratory support was provided 
by Northern Analytical Laboratory Services (NALS) at UNBC. Additional thanks to the many 
undergraduate and graduate students at the University of Manitoba and UNBC who aided in the 
collection and processing of soil and sediment samples. This project would not have been 
possible without them. 
  
- 233 - 
 
5.8 References 
Alewell, C., Birkholz, A., Meusburger, K., Schindler Wildhaber, Y., Mabit, L., 2016. 
Quantitative sediment source attribution with compound-specific isotope analysis in a C3 
plant-dominated catchment (central Switzerland). Biogeosciences 13, 1587–1596. 
https://doi.org/10.5194/bg-13-1587-2016 
Bilotta, G.S., Brazier, R.E., 2008. Understanding the influence of suspended solids on water 
quality and aquatic biota. Water Res. 42, 2849–2861. 
https://doi.org/10.1016/j.watres.2008.03.018 
Blake, W.H., Ficken, K.J., Taylor, P., Russell, M.A., Walling, D.E., 2012. Tracing crop-specific 
sediment sources in agricultural catchments. Geomorphology 139–140, 322–329. 
https://doi.org/10.1016/j.geomorph.2011.10.036 
Bogen, J., Walling, D.E., Day, T.J. (Eds.), 1992. Erosion and sediment transport monitoring 
programmes in river basins. International Association of Hydrological Sciences (IAHS) 
Publ. XXX, IAHS Press, Wallingford, UK. 
Brandt, C., Cadisch, G., Nguyen, L.T., Vien, T.D., Rasche, F., 2016. Compound-specific δ13C 
isotopes and Bayesian inference for erosion estimates under different land use in 
Vietnam. Geoderma Reg. 7, 311–322. https://doi.org/10.1016/j.geodrs.2016.06.001 
Brantley, S.L., Goldhaber, M.B., Ragnarsdottir, K.V., 2007. Crossing disciplines and scales to 
understand the critical zone. Elements 3, 307–314. 
https://doi.org/10.2113/gselements.3.5.307 
Cochran, W.G., 1977. Sampling Techniques, Third Edition. ed. John Wiley and Sons, Inc., New 
York, USA. 
Collins, A.L., Burak, E., Harris, P., Pulley, S., Cardenas, L., Tang, Q., 2019. Field scale temporal 
and spatial variability of δ13C, δ15N, TC and TN soil properties: Implications for sediment 
source tracing. Geoderma 333, 108–122. https://doi.org/10.1016/j.geoderma.2018.07.019 
Conant, R.T., Smith, G.R., Paustian, K., 2003. Spatial variability of soil carbon in forested and 
cultivated sites. J. Environ. Qual. 32, 278. https://doi.org/10.2134/jeq2003.2780 
Cooper, R.J., Pedentchouk, N., Hiscock, K.M., Disdle, P., Krueger, T., Rawlins, B.G., 2015. 
Apportioning sources of organic matter in streambed sediments: An integrated molecular 
and compound-specific stable isotope approach. Sci. Total Environ. 520, 187–197. 
https://doi.org/10.1016/j.scitotenv.2015.03.058 
Desjardins, T., Turcq, B., Nguetnkam, J.-P., Achoundong, G., Mandeng-Yogo, M., Cetin, F., 
Lézine, A.-M., 2013. δ13C variation of soil organic matter as an indicator of vegetation 
change during the Holocene in central Cameroon. Comptes Rendus Geosci. 345, 266–
271. https://doi.org/10.1016/j.crte.2013.06.001 
Dungait, J.A.J., Bol, R., Lopez-Capel, E., Bull, I.D., Chadwick, D., Amelung, W., Granger, S.J., 
Manning, D.A.C., Evershed, R.P., 2010. Applications of stable isotope ratio mass 
- 234 - 
 
spectrometry in cattle dung carbon cycling studies. Rapid Commun. Mass Spectrom. 24, 
495–500. https://doi.org/10.1002/rcm.4332 
El Rassi, Z., Gonnet, C., Rocca, J.L., 1976. Chromatographic studies of the influence of water 
and thermal treatment on the activity of silica gel. J. Chromatogr. A 125, 179–201. 
https://doi.org/10.1016/S0021-9673(00)93819-6 
Ferreira, L.M.M., Celaya, R., Falco, V., Oliván, M., Santos, A.S., Guedes, C., Rodrigues, 
M.A.M., Osoro, K., 2010. Evaluation of very long-chain fatty acids and n-alkane 
epicuticular compounds as markers for estimating diet composition of sheep fed 
heathland vegetation species. Anim. Feed Sci. Technol. 156, 75–88. 
https://doi.org/10.1016/j.anifeedsci.2010.01.007 
Gatz, D.F., Smith, L., 1995. The standard error of a weighted mean concentration—I. 
Bootstrapping vs other methods. Atmos. Environ. 29, 1185–1193. 
https://doi.org/10.1016/1352-2310(94)00210-C 
Gibbs, M., 2008. Identifying source soils in contemporary estuarine sediments: A new 
compound-specific isotope method. Estuaries Coasts 31, 344–359. 
Govers, G., Van Oost, K., Wang, Z., 2014. Scratching the critical zone: The global footprint of 
agricultural soil erosion. Procedia Earth Planet. Sci., Geochemistry of the Earth’s surface 
GES-10 Paris France, 18-23 August, 2014. 10, 313–318. 
https://doi.org/10.1016/j.proeps.2014.08.023 
Grassineau, N.V., 2006. High-precision EA-IRMS analysis of S and C isotopes in geological 
materials. Front. Anal. Geochem. IGC 2004 Perspect. 21, 756–765. 
https://doi.org/10.1016/j.apgeochem.2006.02.015 
Guzmán, G., Quinton, J.N., Nearing, M.A., Mabit, L., Gómez, J.A., 2013. Sediment tracers in 
water erosion studies: current approaches and challenges. J. Soils Sediments 13, 816–
833. https://doi.org/10.1007/s11368-013-0659-5 
Haddadchi, A., Ryder, D.S., Evrard, O., Olley, J., 2013. Sediment fingerprinting in fluvial 
systems: review of tracers, sediment sources and mixing models. Int. J. Sediment Res. 28, 
560–578. https://doi.org/10.1016/S1001-6279(14)60013-5 
Hancock, G.J., Revill, A.T., 2013. Erosion source discrimination in a rural Australian catchment 
using compound-specific isotope analysis (CSIA). Hydrol. Process. 27, 923–932. 
https://doi.org/10.1002/hyp.9466 
Hope, J., Harker, D.B., Townley-Smith, L., 2002. Long term land use trends for water quality 
protection: Ten years of monitoring in the South Tobacco Creek Watershed. Agriculture 
Canada. 
Kanstrup, M., Thomsen, I.K., Andersen, A.J., Bogaard, A., Christensen, B.T., 2011. Abundance 
of 13C and 15N in emmer, spelt and naked barley grown on differently manured soils: 
towards a method for identifying past manuring practice. Rapid Commun. Mass 
Spectrom. 25, 2879–2887. https://doi.org/10.1002/rcm.5176 
- 235 - 
 
Peneault, K., Angers, P., Gosselin, A., Tweddell, R.J., 2006. Fatty acid composition of lipids 
from mushrooms belonging to the family Boletaceae. Mycol. Res. 110, 1179–1183. 
https://doi.org/10.1016/j.mycres.2006.05.006 
Kaspar, T.C., Bland, W.L., 1992. Soil temperature and root growth. Soil Sci. 154, 290. 
Kleinman, P., Sharpley, A., Buda, A., McDowell, R., Allen, A., 2011. Soil controls of 
phosphorus in runoff: management barriers and opportunities. Can. J. Soil Sci. 91, 329–
338. 
Koiter, A.J., Owens, P.N., Petticrew, E.L., Lobb, D.A., 2013. The behavioural characteristics of 
sediment properties and their implications for sediment fingerprinting as an approach for 
identifying sediment sources in river basins. Earth-Sci. Rev. 125, 24–42. 
https://doi.org/10.1016/j.earscirev.2013.05.009 
Li, S., Lobb, D.A., Lindstrom, M.J., 2007. Tillage translocation and tillage erosion in cereal-
based production in Manitoba, Canada. Soil Tillage Res. 94, 164–182. 
https://doi.org/10.1016/j.still.2006.07.019 
Liu, Y., Yang, W., Yu, Z., Lung, I., Gharabaghi, B., 2015. Estimating sediment yield from 
upland and channel erosion at a watershed scale using SWAT. Water Resour. Manag. 29, 
1399–1412. https://doi.org/10.1007/s11269-014-0729-5 
Mabit, L., Gibbs, M., Mbaye, M., Meusburger, K., Toloza, A., Resch, C., Klik, A., Swales, A., 
Alewell, C., 2018. Novel application of Compound Specific Stable Isotope (CSSI) 
techniques to investigate on-site sediment origins across arable fields. Geoderma 316, 
19–26. https://doi.org/10.1016/j.geoderma.2017.12.008 
Naafs, D.F.., van Bergen, P.F., Boogert, S.J., de Leeuw, J.W., 2004. Solvent-extractable lipids in 
an acid andic forest soil; variations with depth and season. Soil Biol. Biochem. 36, 297–
308. https://doi.org/10.1016/j.soilbio.2003.10.005 
Owens, P.N., Batalla, R.J., Collins, A.J., Gomez, B., Hicks, D.M., Horowitz, A.J., Kondolf, 
G.M., Marden, M., Page, M.J., Peacock, D.H., Petticrew, E.L., Salomons, W., Trustrum, 
N.A., 2005. Fine-grained sediment in river systems: environmental significance and 
management issues. River Res. Appl. 21, 693–717. https://doi.org/10.1002/rra.878 
Owens, P.N., Blake, W.H., Gaspar, L., Gateuille, D., Koiter, A.J., Lobb, D.A., Petticrew, E.L., 
Reiffarth, D.G., Smith, H.G., Woodward, J.C., 2016. Fingerprinting and tracing the 
sources of soils and sediments: Earth and ocean science, geoarchaeological, forensic, and 
human health applications. Earth-Sci. Rev. 162, 1–23. 
https://doi.org/10.1016/j.earscirev.2016.08.012 
Pasek, J., 2018. Weights: Weighting and weighted statistics. R package version 0.90. 
Pimentel, D., Berger, B., Filiberto, D., Newton, M., Wolfe, B., Karabinakis, E., Clark, S., Poon, 
E., Abbett, E., Nandagopal, S., 2004. Water resources: agricultural and environmental 
issues. BioScience 54, 909. https://doi.org/10.1641/0006-
3568(2004)054[0909:WRAAEI]2.0.CO;2 
- 236 - 
 
Pye, K., Blott, S.J., Croft, D.J., Carter, J.F., 2006. Forensic comparison of soil samples: 
Assessment of small-scale spatial variability in elemental composition, carbon and 
nitrogen isotope ratios, colour, and particle size distribution. Forensic Sci. Int. 163, 59–
80. https://doi.org/10.1016/j.forsciint.2005.11.008 
R Core Team, 2017. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 
Reiffarth, D.G., Petticrew, E.L., Owens, P.N., Lobb, D.A., 2016. Sources of variability in fatty 
acid (FA) biomarkers in the application of compound-specific stable isotopes (CSSIs) to 
soil and sediment fingerprinting and tracing: A review. Sci. Total Environ. 565, 8–27. 
https://doi.org/10.1016/j.scitotenv.2016.04.137 
Reiffarth, D.G., Petticrew, E.L., Reimer, K.B., Owens, P.N., Lobb, D.A., submitted. 
Development of standardized protocols for the quantitative and 13C isotope analysis of 
very long-chain fatty acids (VLCFAs) used in compound specific stable isotope (CSSI) 
soil and sediment tracing. Catena submitted. 
Reiffarth, D.G., Petticrew, E.L., Reimer, K.B., Owens, P.N., Lobb, D.A., in revision. 
Considerations in the elemental analysis of soil and sediment samples for total and stable 
isotopes of carbon using acid fumigation as a pre-treatment method for carbonates. In 
revision. 
Rezanka, T., Sigler, K., 2009. Odd-numbered very-long-chain fatty acids from the microbial, 
animal and plant kingdoms. Prog. Lipid Res. 48, 206–238. 
https://doi.org/10.1016/j.plipres.2009.03.003 
Richter, D. deB, Mobley, M.L., 2009. Monitoring Earth’s Critical Zone. Science 326, 1067–
1068. https://doi.org/10.1126/science.1179117 
Rimal, B.K., Lal, R., 2009. Soil and carbon losses from five different land management areas 
under simulated rainfall. Soil Tillage Res. 106, 62–70. 
https://doi.org/10.1016/j.still.2009.09.014 
Roscoe, R., Buurman, P., Velthorst, E.J., Vasconcellos, C.., 2001. Soil organic matter dynamics 
in density and particle size fractions as revealed by the 13C/12C isotopic ratio in a 
Cerrado’s oxisol. Geoderma 104, 185–202. https://doi.org/10.1016/S0016-
7061(01)00080-5 
RStudio Team, 2016. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA. 
Ruess, L., Chamberlain, P.M., 2010. The fat that matters: Soil food web analysis using fatty 
acids and their carbon stable isotope signature. Soil Biol. Biochem. 42, 1898–1910. 
https://doi.org/10.1016/j.soilbio.2010.07.020 
Ruess, L., Häggblom, M.M., Garcı́a Zapata, E.J., Dighton, J., 2002. Fatty acids of fungi and 
nematodes—possible biomarkers in the soil food chain? Soil Biol. Biochem. 34, 745–
756. https://doi.org/10.1016/S0038-0717(01)00231-0 
- 237 - 
 
Schjoerring, J.K., Wang, L., 2012. Seasonal variation in nitrogen pools and 15N/13C natural 
abundances in different tissues of grassland plants. Biogeosciences 9, 1583–1595. 
Schomakers, J., Mentler, A., Steurer, T., Klik, A., Mayer, H., 2011. Characterization of soil 
aggregate stability using low intensity ultrasonic vibrations. Int. Agrophysics 25, 165–
172. 
Tiessen, K.H.D., Elliott, J.A., Yarotski, J., Lobb, D.A., Flaten, D.N., Glozier, N.E., 2010. 
Conventional and conservation tillage: influence on seasonal runoff, sediment, and 
nutrient losses in the Canadian prairies. J. Environ. Qual. 39, 964. 
https://doi.org/10.2134/jeq2009.0219 
Upadhayay, H.R., Bodé, S., Griepentrog, M., Huygens, D., Bajracharya, R.M., Blake, W.H., 
Dercon, G., Mabit, L., Gibbs, M., Semmens, B.X., Stock, B.C., Cornelis, W., Boeckx, P., 
2017. Methodological perspectives on the application of compound-specific stable 
isotope fingerprinting for sediment source apportionment. J. Soils Sediments 17, 1537–
1553. https://doi.org/10.1007/s11368-017-1706-4 
VandenBygaart, A.J., Kroetsch, D., Gregorich, E.G., Lobb, D., 2012. Soil C erosion and burial in 
cropland. Glob. Change Biol. 18, 1441–1452. https://doi.org/10.1111/j.1365-
2486.2011.02604.x 
Walling, D.E., 2013. The evolution of sediment source fingerprinting investigations in fluvial 
systems. J. Soils Sediments 13, 1658–1675. https://doi.org/10.1007/s11368-013-0767-2 
Wiesenberg, G.L.B., Schneckenberger, K., Schwark, L., Kuzyakov, Y., 2012. Use of molecular 
ratios to identify changes in fatty acid composition of Miscanthus × giganteus (Greef et 
Deu.) plant tissue, rhizosphere and root-free soil during a laboratory experiment. Org. 
Geochem. 46, 1–11. https://doi.org/10.1016/j.orggeochem.2012.01.010 
Wiesenberg, G.L.B., Schwark, L., 2006. Carboxylic acid distribution patterns of temperate C3 
and C4 crops. Org. Geochem. 37, 1973–1982. 
https://doi.org/10.1016/j.orggeochem.2006.07.020 
Wilkinson, S.N., Hancock, G.J., Bartley, R., Hawdon, A.A., Keen, R.J., 2013. Using sediment 
tracing to assess processes and spatial patterns of erosion in grazed rangelands, Burdekin 
River basin, Australia. Agric. Ecosyst. Environ. 180, 90–102. 
https://doi.org/10.1016/j.agee.2012.02.002 
Willsch, H., Clegg, H., Horsfield, B., Radke, M., Wilkes, H., 1997. Liquid chromatographic 
separation of sediment, rock, and coal extracts and crude oil into compound classes. 
Anal. Chem. 69, 4203–4209. https://doi.org/10.1021/ac9703818 
Wood, P.J., Armitage, P.D., 1997. Biological Effects of Fine Sediment in the Lotic Environment. 
Environ. Manage. 21, 203–217. https://doi.org/10.1007/s002679900019 
Zhang, Y., Tobias, H.J., Sacks, G.L., Brenna, J.T., 2012. Calibration and data processing in gas 
chromatography combustion isotope ratio mass spectrometry. Drug Test. Anal. 4, 912–
922. https://doi.org/10.1002/dta.394  
- 238 - 
 
5.9 Supplement 
The supplemental section contains additional comments and information that complement the 
main manuscript. The corresponding section is indicated in the heading. At the end of the 
manuscript is a collection of all maps, graphs and data that were generated for all sampling sites. 
5.9.1 Additional manuscript information to text 
5.4.2.2 δ13CFA values 
The primary focus for differentiating sources in most CSSI sediment tracing studies has been 
the use of FA biomarkers and their respective δ13CFA values. During the evolution of the CSSI 
technique, awareness and the need to focus on the VLCFAs and omit the more common mid-
chain FAs, such as C16:0 and C18:0, has arisen. Reiffarth et al. (submitted) have discussed 
methods of quantifying VLCFAs and achieving good separation. Additionally, the authors 
emphasized the need to independently review GC chromatograms in order to ensure proper 
quantification by the software and interpretation of the correct signals during IRMS analysis. 
Peak broadening and consequent flattening result in more difficulty evaluating IRMS signals for 
the longer chain VLCFAs, and particularly the odd-chain ones (C27:0, C29:0) which tend to be 
in much lower concentrations. 
Although the shorter chain 
C20:0 and C21:0 VLCFAs also 
tend to be lower in 
concentrations, less peak 
broadening occurs due to 
shorter retention times, and 
Table S5.1. Summary of factors that affect 13C concentrations in plants. 
Factor Explanation 13C 
Stomatal conductance 
(SC) 
Flow of CO2 into mesophyll. 
Sign of stress, growth phase of 
plant.
Good flow, more discrimination against 
13C, δ13CFA values become more 
negative. 
Water use efficiency 
(WUE) 
SC increases with moisture. 
WUE plant type dependent. 
Adequate moisture, good WUE, δ13CFA 
values become more negative. 
Altitude Change of 13C values with 
significant changes in altitude.
Mixed results on how 13C 
concentrations are affected. 
Canopy height Photosynthesis (PS) greatest at 
top of canopy. 
High rate of PS during growth stages 
results in less discrimination against 
13C, more positive δ13CFA values. 
Foliage age PS greatest in new foliage and 
during growth stages. 
More positive δ13CFA values in new 
foliage. 
Hydraulic conductance Flow of water within plant. Longer branches result in poorer water 
flow, more positive δ13CFA values. 
Salinity High salinity leads to plant 
stress. 
More positive δ13CFA values in more 
saline soils. 
Physical soil strength Hard soil leads to plant stress. More positive δ13CFA values in harder 
soils. 
Other factors: Season (incorporating factors listed above); location within hemisphere; relative 
humidity; anthropogenic sources of CO2; air circulation (buildup of CO2); soil respiration (CO2
sources), leaf morphology. 
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good purification is usually achieved, allowing for the generation of reliable IRMS data. 
A review by Reiffarth et al. (2016) discussed in detail the sources of δ13CFA variability from a 
biochemical pathway and environmental conditions aspect. Biochemical pathways are inherent 
to the plant type; however, environmental conditions may be substantially different enough to 
reflect spatial variability in δ13CFA values for identical crops in differing areas of a field. Riparian 
zones may be equally affected. Table S5.1 provides a brief summary of environmental conditions 
as their potential impact on δ13CFA values. 
5.4.2.2.3 Randomized sampling 
The t-test results of performing the randomized sampling for the June 2013 field sampling as 
described in the main manuscript when using field A only and field A/AD are provided. The July 
2012 results were not included because there was little difference between the multiple trials. 
Additional results are 
shown in Figure S5.1. 
5.4.2.3.1 δ13Cbulk 
Several groups 
(Alewell et al., 2016; 
Blake et al., 2012; 
Gibbs, 2008; Hancock 
and Revill, 2013; Mabit 
et al., 2018) have 
reported δ13Cbulk values 
as part of the CSSI 
tracing technique and for 
 
No. Trial A Trial B Trial C
1 Step 2-1 Step 1-2 Step 1-3 
2 Step 6-1 Step 2-1 Step 6-2 
3 Step 1-2 Step 6-2 Step 10-2
4 Step 4-2 Step 1-3 Step 6-3 
5 Step 6-3 Step 10-2 Step 10-1
6 Step 4-1 Step 10-3 Step 6-1 
7 Step 2-2 Step 10-1 Step 10-3
8 Step 4-3 Step 6-1 Step 4-1 
9 Step 10-3 Step 1-1 Step 2-2 
 
Figure S5.1. Results of randomizing field sampling comparing trials A-B and AC 
using field A transect points (left) and field AD transect points (right). 
The number of points used are indicated. 
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sediment tracing studies. For 13Cbulk analysis, 
treatment of soils for inorganic carbon, primarily in 
the form of carbonates (Brodie et al., 2011; Harris 
et al., 2001; Walthert et al., 2010), needs to be 
performed to obtain reliable δ13Cbulk values. 
Reiffarth et al. (in revision) have discussed 
carbonate removal using acid fumigation methods, 
and the associated variability in the context of the 
CSSI technique. The primary source of soil organic carbon (SOC) is from decaying plant matter 
on the soil surface and below ground plant tissue (De Deyn et al., 2008). Reiffarth et al. (2016) 
have discussed the composition of SOC; when analyzing bulk values, factors such as turnover 
times of high energy plant components and the type of tillage (e.g. conservation versus 
traditional) must be considered, which could affect the rate of change in δ13Cbulk values 
(Kristiansen et al., 2005). The possibility of non-land use related inputs (e.g. fauna, carcasses, 
oils from machinery, etc.) also exists, and fertilizer applications may complicate analysis further, 
depending on the homogeneity achieved for the soil in an agricultural, cropped watershed. 
While soil δ13Cbulk values may reflect vegetation and land use, considerable differences in 
δ13Cbulk values may exist between different parts of the plant (roots, stems, leaves), and 
depending on the growth stage of the plant and the plant type, the differences may increase in 
magnitude throughout the growing season (Wiesenberg and Schwark, 2006). Environmental 
factors, such as those listed in Table S5.1, further affect δ13Cbulk values. Post-harvest soil δ13Cbulk 
values are then affected by the type of residues (roots, oil-containing seeds, etc.) that remain and 
are incorporated into the field.  
Figure S5.2. The δ13Cbulk values for all riparian 
areas sampled are shown. Curves are 
for visualization purposes only and 
are not intended to imply a gradual 
trend. 
- 241 - 
 
 Fluctuations in riparian δ13Cbulk values were evident. All three Steppler riparian zones 
sampled produced seasonal changes in δ13Cbulk values (Figure S5.2). The IS3 sampling site 
exhibited seasonal changes in δ13Cbulk values, although the very positive value for June 2013 may 
have been due to incomplete fumigation, as the area was high in inorganic carbonates. The only 
riparian sampling site that produced fairly constant δ13Cbulk values was IS1. 
5.4.2.3.3 CAR, ACAR and RAR 
An additional benefit of the RAR was the determination of the impact of fine root material on 
the extraction process. Inconsistencies between multiple extractions where substantial fine root 
material was present in the sample should have led to larger CARs relative to ACARs, with 
inconsistencies in the root-related VLCFA concentrations (even-chain C22:0-C26:0) also 
affecting the RAR. 
5.9.2 STCW map, δ13Cbulk and δ13CFA data 
Detailed spatial variability data 
The following section summarizes all of the STCW data by field and riparian zone. The 
information is intended to complement the discussion and figures presented in the main 
manuscript. 
Each set of figures is divided into the following for Figure S5.3-Figure S5.15: 
i) Transect map providing a close up of the transect layouts. 
ii) Bulk carbon data. The a graph shows the weighted δ13Cbulk values of the region with 
weighted errors show in the error bars. The b bar graphs indicate the %C values 
according to each transect point that was sampled for the given region. 
iii) Each graph contains three parts. The upper most bar graphs indicate the VLCFA 
concentrations for each respective chain length by individual transect point. The line 
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graphs indicate the δ13CFA values for individual transect points (dashed, gray lines), the 
weighted average δ13CFA values for each transect (solid lines, green and blue, diamond 
and triangle markers) and the overall weighted average δ13CFA values for all points (solid 
line, red, circle markers). 
Steppler spatial variability between fields 
Figure S5.16 contains the summary data for all Steppler fields for each of the sampling 
periods. July and August 2012, and August 2013 illustrate the reduction in δ13CFA value 
separation for the VLCFAs and the respective fields. The error bars are greatest for the October 
sampling periods, with the exception of field B in August 2013. Field B was used for cattle 
grazing, so various factors, such as soil disturbance, cattle dung inputs and a lack of vegetation 
could affect the VLCFA signal. The VLCFA concentrations are also low for the August 2013 
sampling (Figure S5.4), supporting the notion that a lack of vegetative inputs existed. 
Temporal variability by sampling location 
The graphs in Figure S5.17 and Figure S5.18 summarize the temporal variability for each area 
sampled for this project in the STCW. The degree of variability illustrated supports the notion 
that seasonal changes in δ13CFA values, irrespective of source type (cropped field, riparian), 
likely requires multiple sampling periods with more than two tracers in order to adequately 
capture the source fingerprint. 
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Steppler field A data 
Figure S5.3. Steppler field A (July 2012-June 2013) and field AD (August and October 2013) i) transect, ii) bulk carbon and iii) VLCFA data. 
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Steppler field B data 
Figure S5.4. Steppler field B i) transect, ii) bulk carbon and iii) VLCFA data. 
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Steppler field C data 
Figure S5.5. Steppler field C i) transect, ii) bulk carbon and iii) VLCFA data. 
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Figure S5.6. Steppler field D and E i) transect and ii) bulk carbon data. 
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Steppler field D and field E data 
Figure S5.7. Steppler field D VLCFA data.  
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Steppler field D and E data 
Figure S5.8. Steppler field E VLCFA data.  
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Steppler field F data 
 
 
Figure S5.9. Steppler field F VLCFA data.   
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Steppler field G data 
Figure S5.10. Steppler field G VLCFA data.  
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Rip. A data 
Figure S5.11. Steppler Rip. A i) location (Step 1 and 3 transects), ii) bulk carbon and iii) VLCFA data. 
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Rip. B1 data 
Figure S5.12. Steppler Rip. B1 i) location (Step 5 and 6 transects), ii) bulk carbon and iii) VLCFA data. 
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Rip. B2 data 
Figure S5.13. Steppler Rip. B2 i) location (Step 9 and 10 transects), ii) bulk carbon and iii) VLCFA data. 




Figure S5.14. Riparian area IS1 i) transect, ii) bulk carbon and iii) VLCFA data. 




Figure S5.15. Riparian area IS3 i) transect, ii) bulk carbon and iii) VLCFA data. 
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Figure S5.16. Field summary δ13CFA values for the Steppler watershed 
are shown according to sampling period. For July 2012-
June 2013, field A without transect Step 4 is indicated. 
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Temporal variability by sampling location 
Field A/AD Field B 
Field C Field D 
Field E Rip. A 
Rip. B1 Rip. B2 
IS1 Riparian IS3 
Figure S5.17. Temporal variability for all areas sampled in the STCW. Lines indicate weighted average 
δ13CFA values. Field A/AD is the combined value of fields A and D for August and October 
2013. Bar graphs show the weighted errors for each of the respective sampling periods. 
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Figure S5.18. Summary for field points IS1A and IS1 showing VLCFA 
concentrations (bar graphs) and δ13CFA values for each VLCFA 
chain length. 
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6 Conclusion and recommendations 
The work by Gibbs (2008) was the first application of CSSIs in a catchment that attempted to 
quantify soil erosion using land use-based biomarkers. Since then, several groups have explored 
the use of CSSIs as a land use-specific tracing technique (Alewell et al., 2016; Blake et al., 2012; 
Brandt et al., 2018; Cooper et al., 2015; Hancock and Revill, 2013; Mabit et al., 2018). The 
watershed that Gibbs examined was located on the North Island of New Zealand, where the 
major potential sediment sources included in the study were pine forest, native forest (Kauri) and 
pasture. The questions that therefore arose were: Would CSSIs prove to be an effective sediment 
tracing tool in a temperate climate, such as Canada, and what types of challenges existed in 
differentiating sources based on the δ13C signatures of plant-derived biotracers? 
The objective of the research was: sample a sediment deposition site, select potential 
upstream sediment sources to sample, evaluate the biomarkers by determining their δ13C 
signatures, enter the data into an unmixing model, and source apportion using bulk carbon (%C) 
values obtained for each source, similar to what Gibbs had performed, but in a pristine watershed 
with only light agricultural activity (Horsefly River Watershed, HRW) and in a heavily cropped 
agricultural watershed (South Tobacco Creek Watershed, STCW). Several challenges were 
identified: (i) identification of suitable biomarkers that represent land use based on terrestrial 
crops; (ii) appropriate sampling approaches to capture spatial and temporal variability of 
biomarkers; (iii) laboratory extraction, separation and preparation of biomarkers for analysis; (iv) 
analytical techniques to quantify and determine isotope values; and (v) statistical methods to 
unmix sediments into probable source contributions followed by source apportioning. 
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6.1 FAs as biomarkers 
The use of FAs as land use-specific biomarkers was largely based on the publication by Gibbs 
(2008). The biomarkers used by Gibbs included a number of mid-chain FAs, such as C16:0 and 
C18:0. The use of these two saturated FAs prompted further investigation into the potential 
reliability of their use as biomarkers as they are ubiquitous throughout nature and found as cell 
wall components in most living organisms (Marseille et al., 1999; Wiesenberg et al., 2004a). 
While C16:0 and C18:0 FAs could potentially be used to differentiate various locations within a 
watershed at a given point in time, as the δ13CFA fingerprint could indeed be unique, the concern 
arose as to the effect of a variety of potential inputs on the isotope signature over a longer time 
scale. Additionally, there was concern that unaccounted for chemical transformation would lead 
to a dynamic isotope signature in these mid-chain FAs, severely restricting their usefulness as a 
tracer. Indeed, Koiter et al. (2013) published on such concerns regarding sediment tracing in 
general. The highly dynamic nature of the biosphere makes finding a suitable, natural, tracer 
challenging; however, certain precautions may be exercised in biomarker (and tracer, in general) 
selection so as to maximize tracer reliability.  
The review published by Reiffarth et al. (2016) (chapter 2) aimed to identify the 
appropriateness of using FAs as biomarkers, and of using C16:0 and C18:0 FAs. After extensive 
review of the literature, lipids appeared to be the most highly recalcitrant molecules of plant 
origin that could be transferred and bound to the soil (Lützow et al., 2006; Wiesenberg et al., 
2010a, 2010b). In particular, the FAs, with a polar carboxylic acid group, migrate into the soil 
(Chikaraishi and Naraoka, 2003) and potentially bind with soil particles (Lützow et al., 2006), 
thus allowing them to be transported during sediment generating events, such as rainfall and 
snowmelt. As part of the purification process, another highly recalcitrant group of biomarkers 
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was also isolated: the alkanes. These were never investigated further in this work; the FAs were 
considered preferable due to their potential to bind with soil particles. Cooper et al. (2015) have 
used alkanes in a sediment tracing study. 
An examination of FA biosynthesis in plants suggested that all C3 and all C4 plants used 
similar pathways in the synthesis of C16:0 and C18:0 FAs, with only environmental conditions 
affecting δ13CFA values. The mid-chain FAs were also found to be resynthesized and 
incorporated by microorganisms (Matsumoto et al., 2007) because of lower energy requirements 
than if VLCFAs are used, and thus the isotopic signature of soils may not reflect plant inputs. 
For the purpose of this study, the use of FAs <C20:0 was abandoned, as no information could be 
found in the literature that suggested conservativeness for the mid-chain FAs, which brought into 
question their reliability as tracers. The focus was thus placed on the VLCFAs.  
The review published in chapter 2 aimed to discuss biochemical, environmental and some 
analytical variability with respect to isotope δ13CFA values. Despite identical pathways in the 
biosynthesis of the common FAs in all C3 plants, differences in chain extension enzymes (Jetter 
and Kunst, 2008; Samuels et al., 2008) between different types of C3 plants may lead to unique 
isotopic signatures. The findings suggested that identical plants, and thus fields planted with the 
same crop, would be isotopically indistinguishable. An extensive literature search was performed 
to identify environmental factors that may affect the isotopic signature. The findings suggested 
that, although there is a potential for sediment sources to be indistinguishable, identical crops 
that have been exposed to differing environmental conditions may produce a unique isotopic 
signature. Furthermore, the isotopic signature was determined to be dependent on the growth 
stage of the plant, which suggested that a single sampling period would be inadequate. 
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Therefore, the use of a suite of VLCFAs was decided upon as suitable biotracers. The precise 
selection of the VLCFA suite depended on extraction, purification, and analytical success. 
The CSSI community would benefit from an extensive examination of the conservativeness of 
any and all biomarkers that are being considered or are currently being used as tracers. There are 
clear temporal changes in the isotopic signature due to photosynthesis and growth stage of the 
plant, but the extent of the effect of external sources on the conversion of the signature during 
transport or latency are not understood in the context of sediment tracing. The use of C16:0 and 
C18:0 as a means of differentiating sources, for example, continues in the literature (e.g. Mabit et 
al., 2018), yet the connection between source and mixture may simply be anecdotal in some or 
all cases, or there may truly be a connection. 
6.2 Sampling and VLCFA variability 
6.2.1 Summary of results 
The sampling methods used were discussed in chapter 4. The sampling design for the HRW 
was purely random, and in part determined by seasonal access to the sampling locations. 
Duplicate cores located <1 m apart were collected in order to determine replicability of VLCFA 
data based on minimal spatial separation. The first sampling was performed in August of 2011, 
when water levels in the Horsefly River were relatively low. In the spring of 2012, however, it 
was soon discovered that the Stuart site was a flood plain; some of the previous year’s sampling 
sites could not be accessed, and new sites were determined. The results of the HRW sampling 
have not been published due to an incomplete data set primarily as a result of method 
development using these samples. Some of the unpublished results, however, suggested the 
following: (i) forested areas are both highly variable in VLCFA δ13CFA signatures and VLCFA 
concentrations, and thus multiple samples are required; (ii) channel banks exhibit a distribution 
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of VLCFA δ13CFA signatures and VLCFA concentrations, suggesting extensive sampling may be 
required, and determining a representative sample could prove challenging; and (iii) flood plain 
deposits may affect sample core isotope values and VLCFA concentrations, depending on the 
nature of the deposits and thus the ability to impregnate surface soils with non-native tracers.  
The STCW sampling design was based on using complementary transect pairs. Field 
delineations in the Steppler sub-watershed were according to hillslope, which increased the 
potential to isolate each field hydrologically and thus restrict unwanted tracer mixing. For the 
Steppler sub-watershed, the transects were placed along known hydrological flow paths where 
sediment would be expected to be generated. The transects were extended into the riparian areas 
from each field, and sampled at spatial intervals along the slopes. Field transects were comprised 
of three points each: top of slope, mid slope and edge of field. The complete sampling design 
was presented in chapter 5. The spatial arrangement of the transects was designed to capture 
VLCFA δ13CFA signature and concentration variability. With six sampling periods selected over 
two growing seasons, the intent was to capture temporal variability in the δ13CFA signature and 
concentration as well. 
The distribution of δ13CFA values in delineated fields indicated that variability increased 
during non-growing times of the season e.g. late fall and immediately after tillage/planting, 
suggesting sampling during these times requires increased sample acquisition to fully capture 
variability. Additionally, VLCFA concentrations were lowest during non-active growing times, 
which may affect extraction and analytical approaches. A randomized sampling study indicated 
that ideally a minimum number of 3-4 samples should be acquired from a variety of locations 
within a given field to adequately capture variability, although this may be dependent on the time 
of season the sampling was performed and on the size of the area being sampled. If composite 
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samples are created for transects and individual sample points along transects are not going to be 
analyzed, an increase in the number of points per transect will be beneficial. The number of 
points that were evaluated in the STCW were restricted due to the cost involved with the analysis 
of individual transect points.  
Tillage is expected to increase homogenization of VLCFAs due to disaggregation processes 
and redistribution and incorporation of organics (Li et al., 2007). In uncultivated areas, such as 
forests, variability in OC has been shown to be quite high (Conant et al., 2003). Riparian zones 
in the Steppler sub-watershed, which were somewhat forested, exhibited high OC content, and 
were also variable in δ13CFA values, in part because these areas acted as sediment deposition 
zones and due to a mixture of vegetation. Riparian zones were sampled to a depth of 12.5 cm by 
coring to maintain consistency with sampling in tilled fields. Such sampling of riparian zones 
was appropriate for the purpose of examining the ability to differentiate fields from riparian 
zones, but may not be appropriate, or more accurately, necessary for the purpose of sediment 
tracing, as the areas sampled in this study were dense with vegetation. The amount of sediment 
generation from material below the O horizon was likely negligible, although this was not tested. 
6.2.2 Sampling of source soils 
Hydrological flow paths need to be identified as these are likely to be the source of nutrient 
runoff (Heathwaite et al., 2005). In cold climates, such as the STCW in Manitoba, temporal 
variability in hydrology needs to be considered, as freeze-thaw status of the ground will affect 
the ability of runoff (snowmelt, rain) to penetrate the soil (Li et al., 2011), leading to seasonal 
differences in surface versus subsurface flow. Sampling location should be selected by proximity 
to the expected flow path (Walling et al., 1999); channel banks have been shown to be significant 
contributors of sediment during high flow events, and should be included as part of a sampling 
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regime, particularly where erosion is evident. The results of conducting a randomization study, 
and the realization that points not associated with hydrological flow paths may produce little 
sediment generation, suggests that a truly randomized sampling approach is inappropriate. 
However, in a northern temperate climate, snowmelt, and thus seasonality, must be considered as 
to which regions will be affected by surface flow. 
In the STCW, the transect approach along hillslopes illustrated the variability in δ13C values 
and VLCFA concentrations. Samples were weighted for δ13C values based on their VLCFA 
concentrations, and thus, in general, edge of field samples contributed more to the tracer signal. 
Solely using VLCFA concentrations collected from the edge of field may result in a false 
representation of the actual contribution of the field to the sediment generated, particularly if 
VLCFA concentrations are used to apportion sources. Thus, it is recommended to use a transect 
approach that results in the collection of various points along the slope. A transect approach will 
also ensure better consistency in sample collection between sampling locations. 
A limit on the number of samples collected along a specific transect does not necessarily need 
to exist, although spatially integrated sampling would ensure consistency between sampling sites 
in the approach. The true number of samples to be collected is likely case-specific. Considering 
the results obtained for Field A and the influence of the Step 4 transect on the field isotope 
fingerprint (section 5.4.2.2.1), transect points may be combined during sampling, but a 
composite field sample should not be created at the time of sampling; the composite sample 
should be created in the laboratory, in the event there is concern that the composite sample may 
not be representative of the field. A new composite sample could thus be created if enough 
material is collected. The exclusion of a particular transect could occur, for example, where field 
boundaries have shifted, or tillage practices may have influenced OC input. Each composite 
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sample should be extracted 2-3 times and analyzed for VLCFA concentrations and δ13C values. 
A priori information about fields, including cropping history, boundaries and hydrology are 
important in sampling design. Sampling depth should remain at tillage depth. 
The results presented in chapter 5 indicate seasonal variations in both δ13C values and 
VLCFA concentrations. Seasonal variations due to environmental factors were expected, as per 
the review by Reiffarth et al. (2016). As too few studies have been performed on the application 
of CSSIs as sediment tracers, it is recommended to perform multiple samplings of sediment 
sources throughout the growing season. If only one sampling is performed, there is a risk that 
differing fields may produce overlapping signals, especially if a reduced number of tracers are 
used in an unmixing model. The presence or absence of crops, and tillage practices may also 
affect the source of sediment. Ideally, the tracer signal would be known before a major flow 
event; multiple samplings will improve that probability. 
6.2.3 Sampling of sediment mixtures 
The variability associated with sediment sampling has not been addressed within the 
dissertation, but needs to be considered when implementing a sediment tracing study. In the case 
of the STCW, many of the flow paths were ephemeral, with the flow paths used for cattle 
grazing/movement. Sediment was collected in these flow paths via surface scrapes. The sediment 
may have been influenced by cattle crazing, which would affect the δ13C values through dung 
deposits, as well as undergoing exchanges with the terrain upon which they were deposited, as 
the deposition sites were in riparian zones. 
In a riverine system where flow is continuous, such as the HRW, exchanges between 
contemporary and previously deposited sediment are possible, thereby affecting the tracer δ13C 
signal. Suspended sediment sampling usually targets the <63 µm particle size, as this is the size 
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that has been most associated with water quality issues, and is subject to transport (Owens et al., 
2016). As noted in the review by Owens et al. (2016), and references therein, there are temporal 
considerations with respect to the representativeness of a sediment sample and how the sample 
relates to the source soils, thereby requiring sediment fluxes to be taken into consideration. For 
example, Walling et al. (1999) discussed the increased contribution to suspended sediment loads 
from channel banks during high flow events, and thus the need for temporally-based sampling. 
Temporally integrated sampling of the sediment mixture is therefore recommended. 
One of the sources of transformation of the δ13C fingerprint during transport in aquatic 
systems is the input of non-terrestrial plant matter. Additionally, lipids have been reported to 
account for 10-20% of the dry weight of actively growing marine algae, with the FAs 
constituting the largest class of lipids (Reuss and Poulsen, 2002). Some marine algae, such as 
Rhodomonas baltica have been found to contain C24:0, which would interfere with terrestrial 
plant VLCFAs (Patil et al., 2007). Freshwater microalgae investigated by Ahlgren et al. (1992) 
were found to contain C20:0 and C24:0. Stauroneis amphioxys, an ice diatom, contained 
VLCFAs from C20:0-C30:0 (Gillan et al., 1981); the Stauraneis genera contains a large number 
of species which are globally distributed (Vijver et al., 2005). Although diatoms are mostly 
restricted to aquatic environments, several types of diatoms, some of which are associated with 
cyanobacteria, may also occur in soils (Heger et al., 2012). 
In the case of water quality issues affecting Lake Winnipeg, the major cause of eutrophication 
is the presence of nitrogen fixing blue-green cyanobacteria, and in particular Anabaena and 
Aphanizomenon (Kling, 1998). Evaluation of over 2000 strains of microalgae, mostly of 
terrestrial and freshwater origin, found saturated FAs in some strains to contain C20:0-C24:0 
VLCFAs, with cyanobacteria containing low amounts of total FAs (Lang et al., 2011). An 
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examination of several Anabaena strains found only a small concentration of C20:0 VLCFA, 
(0.14% of total fatty acids), with no odd-chain VLCFAs (i.e. >C20:0) (Caudales and Wells, 
1992). A similar study did not report any saturated VLCFA concentrations for Anabaena or 
Aphanizomenon >C20:0 (Gugger et al., 2002), suggesting very low concentrations, complete 
absence, or an inability to isolate/identify these compounds. Algae species in general contain a 
variety of unsaturated FA biomarkers (Gugger et al., 2002; Patil et al., 2007; Reuss and Poulsen, 
2002); the presence of these biomarkers may therefore be used to indicate potential contributions 
from algal sources. The major source of straight chain FAs >C20:0, however, is plants (Ruess 
and Chamberlain, 2010), but an awareness of additional sources that may confound the tracer 
signal, especially for sediment mixtures where terrestrial plant VLCFA inputs may be low, is 
important. 
6.2.4 Proposed sediment tracing study 
One approach to better understanding the temporal and spatial transformations of sediment 
within a riverine system would be to use a hierarchical approach that incorporates time-
integrated sampling. Such an approach is illustrated in Figure 6.1. Regions 1-4 represent a 
hypothetical difference in geochemical zones within a 
catchment; SS1-5 refers to suspended sediment samplers, 
which in Figure 6.1 have been placed within various 
regions of the watershed. Geochemical and FRN tracers 
could first be used to narrow down the region of sediment 
provenance, along with the collection of suspended 
sediment for each of the regions. If Region 4, for example, 
was indicated as the primary source, land-use based tracing Figure 6.1. Example of a hierarchical sediment tracing study 
using a composite 
fingerprint approach. 
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using CSSIs could be used to further refine the source, with the suspended sediment samplers 
located along the tributary proximal to the sources. Sampling of fields A-D, located near the 
river, would then be performed multiple times throughout the growing season. Sampling would 
be restricted to locations adjacent to the river because such sites are most likely to contribute to 
sediment suspended sediment loads (Heathwaite et al., 2005; Walling et al., 1999).  
6.3 Particle size and disaggregation of soil particles 
The references within the literature review (Reiffarth et al., 2016) (chapter 2) indicated that 
the age of carbon, and hence the related isotopic signature, was dependent on particle size. 
References in chapter 4 further supported the notion that as particle size of soils decreases, the 
age of carbon increases (Bol et al., 2009; Flessa et al., 2008). Experimental evidence supported 
an effect on isotopic signature when samples were sonicated (Figure 4.12) to increase 
disaggregation. Natural processes that contribute to disaggregation and the formation of 
microaggregates, which can then be mobilized as sediment, include rainfall (Rimal and Lal, 
2009; Williams and Petticrew, 2009), snowmelt (Li et al., 2007; Tiessen et al., 2010), and freeze-
thaw cycles (Oztas and Fayetorbay, 2003). In an agricultural setting, tillage practices aid in 
disaggregation (Schomakers et al., 2011). The majority of particles that are transported as 
suspended sediment in rivers tends to have a particle size <63 µm (Owens et al., 2005). Bol et al. 
(2009) determined that contemporary organic inputs (e.g. inputs from vegetation that was 
growing at the time of sampling) were mostly contained in the >200 µm size fraction. Clearly, 
the assumption may be made that several processes, whether natural or anthropogenic, have the 
potential to contribute to the fine sediment found in suspended sediment loads, and that the 
isotopic signature of the sediment will be dependent on the degree of disaggregation that occurs 
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at the source and during transport. This is a variable not easily controlled for, and requires further 
investigation, but should not be ignored. 
All samples were ground to a particle size <850 µm. The particle size was selected in order to 
minimize the amount of fine particles that may be lost during the soil handling process. Dry 
grinding, for example, was found to produce a significant amount of fine dust; as the grinding 
was performed using a mortar and pestle in a fume hood, the dust was evacuated, which could 
affect the isotopic signature. The decision was thus made to disaggregate samples using 
sonication methods.  
An additional issue with using fine particle sizes arose when extracting samples using a 
pressurized solvent extractor (PSE). Exceptionally fine samples resulted in the clogging of 
extraction lines in the PSE, and in some cases the transfer of particles to the collection flask. 
Effort was expended to prevent such issues, but the results were not always successful. 
6.4 Laboratory considerations 
6.4.1 Extraction 
Duplicate extractions by PSE indicated consistency in the methods used. Under ambient 
conditions, a solvent mixture of 4.5:3.5:0.5 DCM:Hex:MeOH was suitable for chain lengths 
C20:0-C32:0; however, a few trials using a combination of 93:7 DCM:MeOH indicated more 
efficient extraction by PSE, possibly due to elevated temperatures and pressures, as well as 
differences in boiling points within the three solvent mixture. The use of 4.5:3.5:0.5 
DCM:Hex:MeOH and 93:7 DCM:MeOH as possible extraction solvents needs to be further 
investigated. 
Some samples were not particularly conducive to PSE extraction, especially ones with high 
carbonate content. Traditional soxhlet was originally used for this research, but PSE was 
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ultimately selected as the extraction method due to reduced extraction times. Samples where PSE 
is not suitable can thus be extracted by soxhlet methods. However, validation regarding the 
reproducibility between soxhlet and PSE methods in CSSI analysis needs to be undertaken.  
6.4.2 Purification 
There has been thus far no consistency in the methods used in the literature with respect to the 
purification of lipid extracts and CSSI tracing. Perhaps somewhat more troubling is that no 
evidence has been presented regarding the efficacy of the purification methods that have been 
used. Quantification by GC-FID for non-pure extracts is still achievable, as mathematical 
methods are applied by GC software to estimate and account for peak overlap. When performing 
GCC-IRMS analyses, however, the distribution of 13C and 12C throughout the peak, as analyzed 
in the form of CO2, is non-uniform. There is no software-based solution which allows for the 
correction of peak overlap.  
The purification of crude soil extracts was developed based on known methods that divided 
extracts into three compounds classes: acidic, basic, and neutral. The development of the 
methods is discussed in chapter 4. Analysis of purified extracts by GC-FID confirmed that 
excellent separation in VLCFA FAME signals was achieved. The methods were developed with 
the focus on maximizing VLCFA recoveries and producing consistent δ13CFA values, recognizing 
that natural variability in the sample could affect reproducibility. The purification process 
resulted in a slight bias in δ13CFA values, but all samples appeared to be equally affected. The 
treatment of extracts with Dowex H+® resin appeared to improve the recovery of VLCFAs that 
had possibly been converted to carboxylic acid salts and would thus not have been converted to 
FAMEs using diazomethane as a derivatization method. No effect on δ13CFA values appeared to 
have occurred. 
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An important additional post-derivatization purification step was identified as being necessary 
that removed a number of coloured, possibly high molecular weight, compounds from the 
purified extracts. The additional purification procedure did not appear to negatively affect 
VLCFA recoveries. However, not performing the additional filtering resulted in decreased 
performance in instrumentation. Unfiltered solutions resulted in increased maintenance in FID 
cleaning, reduced FID sensitivity at an earlier stage in the analysis, and increased GC column 
maintenance. Analysis by GCC-IRMS was heavily impacted when extracts were not filtered. 
Degradation in IRMS response (peak shape and intensity) was not as noticeable after running 
only a few samples as inconsistencies in 13C values were due to possible isotope fractionation. 
Continuous inlet cleaning, column backflushing with solvent, and premature replacement of the 
combustion tube were some of the issues that were encountered.  
6.4.3 Derivatization 
Derivatization to FAMEs from free FAs is often performed in order to increase volatility of 
the FAs and improve separation in GC analyses. Even the most polar GC column phases are 
generally not designed to work with free FAs. Specialized columns do exist which allow for free 
FA analysis, but peak broadening is an issue, particularly in complex samples. The standard 
method of reporting on derivatization in the CSSI literature is to simply include the chemical 
method without insight as to the impact of the additional methyl group on δ13CFA values based on 
VLCFA chain length.  
Diazomethane was selected for derivatization because of the ease of work up to remove 
excess reagent. Removal was performed by using a stream of N2 or allowing for evaporation in 
the fume hood. Conversion to FAMEs from free FAs appeared to be VLCFA chain length-
dependent (chapter 4), with longer chain lengths reacting more slowly, although tests were 
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performed on higher concentrations of FA standards than the FA concentrations typically 
encountered in natural extracts. Also, the use of pure crystalline standards may not reflect the 
inhibition to crystallization that may occur with impure extracts. Extracts may therefore react 
more readily than using pure standards.  
The diazogen that was synthesized at UNBC appeared to lead to diazomethane-derived 
methyl values that were extremely negative relative to the δ13CFA values of the VLCFAs being 
analyzed. The highly negative nature of the methyl group increases the opportunity for error in 
the determination of the contribution of the methyl group to the FA. The error is also dependent 
on the chain length of the FA to which the contribution is being made, with shorter chain lengths 
being affected more heavily. Ideally, the derivatization agent should have been closer to the 
values of the analyte (VLCFAs) to minimize error. The first batch of diazogen that was used was 
purchased from Sigma-Aldrich Canada, and did exhibit values closer to the FAs being analyzed; 
however, the sale of diazogen in Canada was severely restricted since the purchase of the 
original batch of reagent, and thus required in-house synthesis. 
An effect on δ13CFA values was found that appeared to be chain length-dependent, which was 
corrected for each batch of diazogen. Determination of the methyl correction factor is thus best 
determined by using a selection of VLCFAs that span the FA chain lengths of interest. The 
results indicated that using a single point of reference for methyl correction may be inadequate, 
particularly where diazomethane is used and KIEs are a factor. Furthermore, there is a need to 
include the variability associated with the methyl correction factor as part of the error associated 
with analysis. 
Although the results were not published, an additional method of derivatization that was 
investigated was the use of 3% methanolic HCl at elevated temperatures. Inconsistencies in 
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VLCFA concentrations were also found to occur more often with the HCl method than with 
diazomethane. Transesterification reactions may also be a factor, where impurities in the extract 
could be hydrolyzed, leading to unwanted ester formation with the VLCFAs of interest. The HCl 
MeOH method, however, is free of potential KIEs. Derivatization methodologies with respect to 
VLCFAs need to be further explored before a standard protocol is accepted. 
6.4.4 Analysis of VLCFAs by GC-FID and GCC-IRMS 
The analysis and instrument conditions used for the quantitative and isotopic analysis of 
VLCFAs was entirely developed at UNBC, the details of which were presented in chapter 4. 
Noticeable degradation in FID performance occurred due to the high molecular weights and 
associated high boiling points, particularly for VLCFA FAMEs ≥C24:0. The ISTD that was used 
(eicosane) was not adequate in accounting for changes in VLCFA FAME response. An external 
calibration curve was also not suitable due to the volatile nature of DCM which was used to 
dissolve the commercial FAME standards. The most effective method was to use a relative 
response factor (RRF) approach with the ISTD. The RRF had to be adjusted after the running of 
four samples to account for decreased, mostly non-linear, response by the FID. Multiple known 
FAMEs were used to estimate the RRF curve, from which a quadratic formula was derived, with 
the resulting formula then applied to the RRFs for unknown FAMEs. The FAMEs were thus 
quantified by estimating the RRF, adjusting to the ISTD, and converting the FAME to FA 
concentrations for each set of four samples.  
Excellent separation was achieved using a polar BPX-70 60 m GC column by SGE Analytical 
Science. The regions between the peaks of interest were reasonably free of impurities, indicating 
purification methods were effective. The resulting chromatographs for VLCFA chain lengths 
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<C20:0 tended to be quite convoluted. The regions between peaks of interest being free of 
impurities is important for the subsequent analysis for 13C values. 
Unlike quantification by GC-FID, which is able to use peak shape algorithms to estimate peak 
areas for overlapping peaks, isotope values cannot be adjusted for due to non-uniform elution of 
the heavier isotope preceding the lighter isotope, with mixing of the 13C and 12C isotopes 
occurring throughout the duration of the elution (Meier-Augenstein, 2002). Poor separation may 
lead to problematic isotope contributions from unwanted peaks to the desired peak’s isotope 
values, particularly where the unwanted peak’s isotope value is significantly different from the 
desired peak’s value. For this reason, manual analysis of each chromatogram was performed to 
ensure proper peak interpretation. 
The best approach to using ISTDs in GC analyses is to use ISTDs that are similar structurally 
and chemically to the analytes of interest. For the purpose of isotope determination, the best 
method for converting raw isotope values (13C/12C) to the delta scale (δ13C) is to use a minimum 
two-point normalization method that uses high and low isotope values to bracket the unknown 
values. Isotope values were determined using C20:0 standards of known isotope value and 
creating an isotope normalization curve where unknown values were determined by 
extrapolation, potentially leading to increased error. The standards were run before and after 
each set of three samples, with further adjustment of isotope values using an eicosane 
(hydrocarbon) ISTD. Ideally, the low and high isotope values are run as ISTDs and elute in the 
GC spectrum in the vicinity of the analytes of interest (C20:0-C32:0), with low and high values 
encompassing the unknown values. This would require identifying two saturated FAMEs, or 
related ester compounds, that may be separated from the VLCFAs of interest. Furthermore, one 
of the ISTDs would have to exhibit sufficiently negative isotope values. A suitable ISTD was not 
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found. Some of the extracts, however, contained VLCFAs that exhibited isotope values that were 
quite negative. Suitable separation methods of purified extracts (e.g. high-performance liquid 
chromatography or HPLC) may allow for isolation of the VLCFAs. Deuteration, for example, 
may allow for a sufficient change in molecular weight to create separation and use as an ISTD. 
In addition to improved normalization and isotope evaluation, the use of two ISTDs, one with a 
high and one with a low isotopic signature in the VLCFA region, would greatly decrease analysis 
times, as external standards would not be required before and after each sample. Furthermore, 
IRMS detectors invariably suffer from instrument drift; the ISTDs would ensure that resulting 
data would be less prone to requiring drift corrections. For the purpose of δ13CFA value 
determination, development of suitable ISTDs should be a priority for the CSSI tracing 
community. 
6.4.5 Bulk analysis 
Chapter 3 discusses results and observations with respect to analysis of soil and sediment 
samples for bulk carbon (%C) and 13Cbulk values by elemental analysis. The presence of 
inorganic carbonates in a small percentage of the soil samples led to acid fumigation methods 
being used on each sample. Fumigation was selected due to the large number of samples 
requiring acid treatment. The number of STCW samples that required fumigation provided an 
opportunity to submit a manuscript for publication on the variability of isotope and bulk values 
associated with acid fumigation, which added to the somewhat scarce literature on the topic. An 
unexpected outcome of the analysis was the effect of using silver (Ag) capsules, and the resulting 
need to use a tin-silver (Sn-Ag) combination for analysis. In the preparation of in-house 
calibration standards for EA-IRMS analysis, it was observed that combustibility of a Li2CO2 
commercial standard, used for calibrating in-house isotope standards for the normalization of 
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data, was poor in Ag capsules, leading to significant peak tailing. Such tailing was also observed 
for several soil samples when analyzed in Ag only. The peak tailing was not evident in any 
samples that used a Sn-Ag combination. The Sn-Ag combination, which involved placing the 
sample in Ag capsules, and then wrapping the Ag capsules in Sn capsules, was attempted, and an 
immediate improvement in analytical results was observed. Thereafter, a literature search 
revealed that Brodie et al. (2011) had made similar observations, and had reported on some of 
the differences observed in analyzing various sample types in Sn and Sn-Ag.  
The analysis has paved the way for further research into the potential impact on bulk isotope 
and %C values based on the potential mineralogy and particle size of soil and sediment samples. 
The particle size used in EA-IRMS analysis was the same as the original sieved, dried soil and 
sediment samples at 850 µm. The larger particle size may have affected combustibility during 
EA analysis, which in turn may have affected isotope and %C values. Loss of organics by 
reaction with the acid to form CO2 may also occur, and may be particle size-dependent. 
6.4.6 IRMS expertise development 
One of the outcomes of the research project was the development of expertise in the use of 
continuous flow (CF) IRMS equipment and related peripherals–expertise which did not exist at 
UNBC. Expertise was gained through independent study, on-site (UNBC) training through 
Isomass Scientific, and additional training in GCC-IRMS systems through Isomass and the 
University of Ottawa. Expertise was also gained in the use of the supporting software: Clarity 
(DataApex) for the purpose of bulk carbon, nitrogen and hydrogen analysis, and Isodat 3.0 
(Thermo Fisher) for IRMS-related data acquisition. 
The expertise acquired included complete instrument setup of the IRMS system, the Conflo 
IV interface and peripherals (GCC and EA), and clean installation of all software. As part of the 
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software installation, the IRMS detector required magnet calibration through the Isodat software 
for carbon and nitrogen analyses. Reliable functioning of the IRMS system was met with 
challenges at UNBC due to IRMS sensitivity to temperature and humidity fluctuations. 
Maintenance regimes and cleaning were also established for the IRMS detector and vacuum 
system.  
One of the known issues of IRMS detectors is the susceptibility to temperature changes 
greater than 1°C/2 hours and high humidity levels, both of which affect the linearity of the 
instrument, thus causing issues with data reproducibility. During the summer months in 
particular, when a moisture-based cooling system was used at UNBC, both temperature and 
humidity fluctuated significantly in the laboratory containing the IRMS instrument, which 
affected results. The cause of the linearity issues was not immediately known. The acquisition of 
carbon stable isotope data is particularly affected because moisture present in the ion source will 
react with CO2, causing interference with the mass measurements of 13CO2 and 12CO2 due to the 
following reaction: 
H2O+. + CO2  HCO2+ + OH. 
Although excess moisture is often an issue in IRMS ion source linearity for CO2 analysis, the 
cold and dry winters in Prince George resulted in instability due to a lack of background 
moisture. Together with the aid of the technologist from Isomass, detector stability was achieved 
by producing a means of introducing a stream of He and moisture-containing O2 through a 
system of valves and capillaries into the IRMS system via the Conflo IV.  
Methods were developed for performing EA-IRMS analysis and subsequent normalization of 
data at UNBC using Isodat 3.0 for carbon/nitrogen isotopes and concurrent quantification. 
Training of personnel on the EA-IRMS system ensued.  
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Methods were also developed for GCC-IRMS analysis for VLCFAs as FAMEs. In general, 
GCC analyses are more complicated than EA-IRMS analyses due to increased possibility for 
fraction effects of 12C and 13C isotopes and increased run times, as well as more complicated 
instrument configuration. All aspects of the analysis are subject to fractionation, from injection, 
to separation by GC, combustion, and transfer through the Conflo IV interface into the IRMS 
detector. The increased run times for GCC analyses result in greater drift in isotope values and 
the need for a more stable analytical environment. Drift correction is thus more critical.  
One of the greatest benefits of having developed in-house analysis was the ability to maintain 
control over all aspects of the analysis required for the research performed, particularly since the 
CSSI tracing method is still in the development stages. Problems that had developed with the 
acid treatment of bulk soil samples for carbon isotope and quantitative analysis were identified 
and addressed in-house, allowing for the generation of robust data. Similarly, multiple analyses 
of samples had to be performed for CSSI purposes with adjusted conditions due to discrepancies 
between analyses in isotope standards, thereby making it possible to improve on sample 
preparation methods prior to analyzing all samples. Each chromatogram for each sample 
analyzed was manually reviewed and adjusted as necessary to ensure robust data generation for 
CSSI purposes, which may limit users of the CSSI methodology if external laboratories are used. 
6.5 Unmixing and sediment tracing 
Information on unmixing and source apportioning using the STCW samples has not been 
published yet and is undergoing further evaluation. The current approach to using unmixing 
models such as MixSIAR is to enter the source and mixture isotope data into the unmixing 
model, and allow the model to run to produce a probability distribution. The probability 
distribution provides information as to the major contributor(s) of the source isotope data to the 
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mixture isotope data, with the results needing to fit inside a mixing polygon in order to be 
considered valid. Traditionally, when a probable solution was found, the probability distribution 
information was entered as part of a source apportioning equation and the mass of sediment 
transported was determined.  
The carbon isotope data that were presented from the STCW for individual fields in chapter 5 
were based on producing a weighted mean using individual transect points. Weighting was based 
on the VLCFA concentrations of each point analyzed, and thus the contribution to the field 
average was not necessarily identical for each point. The weighting therefore affects the overall 
tracer signature. The question of how probability distributions are generated has been raised 
(Upadhayay et al., 2018), with valid concerns identified regarding using source isotope values in 
the unmixing model without considering the weighting of each source to the mixture. With 
respect to CSSI tracing, the contribution of each source to the mixture has been corrected for 
using the soil apportioning equation (Equation 3.2), rather than weighting as part of the model. 
Some of the STCW data were incorporated into MixSIAR trials, but the manner in which 
weighting of sources is performed needs to be further explored and validated; a comprehensive 
examination of unmixing model outcomes has thus not been included in the dissertation but will 
be explored in a future publication. 
Chapter 3 explored the error associated with bulk carbon analysis, and the possible outcomes 
on performing source apportioning. Bulk carbon samples that had a high degree of error 
associated with them were used in an unmixing framework in order to determine if the 
qualitative outcome of source apportioning differed. The error associated with bulk analysis did 
not appear to affect the qualitative outcome as to the major source contributing to the mixture. 
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Several researchers have used bulk carbon as a proxy for VLCFA concentrations for the 
purpose of source apportioning. Chapter 5 explored the use of bulk carbon as a proxy for 
VLCFA concentrations, as well as using a restricted amount of VLCFA tracers (e.g. C24:0 only) 
in performing source apportioning. Based on the analysis of STCW soil samples, the use of bulk 
carbon appeared to be a reasonable proxy. Similarly, the use of a single VLCFA concentration, 
such as C24:0, appeared to adequately represent the concentrations of multiple VLCFAs when 
the concentrations were combined (Figure 5.3). These results suggest that using bulk carbon as a 
proxy should not affect unmixing outcomes when source apportioning. Similarly, if a restricted 
number of tracers are used in unmixing (e.g. C26:0 or C28:0 only) and their concentrations are 
then used in source apportioning, the outcomes, from an apportioning perspective, should be 
similar as if a larger suite of VLCFA concentrations had been used.  
Although unmixing outcomes using MixSIAR have not been included herein, weighted t-tests 
were used (chapter 5) to differentiate fields and riparian zones both spatially and temporally. 
Composite samples were created using data from individual points within a field, and then 
weighted, to produce an isotopic signature for that field. The same approach was used for 
riparian zones. The drawback of the approach is that the error associated with weighting 
represents the variability of the individual samples, rather than simply analytical error. This may 
have artificially increased or decreased the error, whereas creating a composite sample by 
combining field points would mostly be subject to analytical error. Indeed, performing multiple 
analyses through multiple extractions with the same sample source would provide a better 
indication of the error associated with analysis; these would be the preferred values to use in an 
unmixing model. However, differentiation between fields, field and riparian zones, and riparian 
zones was mostly achieved using the weighted t-tests. 
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One of the areas that requires further investigation in order to determine the effectiveness of 
CSSIs as a tracing tool is the relationship between individual VLCFA chain lengths and the 
amount of sediment that is being mobilized. The tracing technique is based on the assumption 
that any given tracer is representative of a certain amount of sediment being mobilized. There 
has been no confirmation that the movement of sediment, for example, as determined by source 
apportioning, results in a relative quantity or an absolute quantity of sediment. In the case of 
VLCFAs, determination of the relative binding of each VLCFA to soil, and what quantity of soil 
the VLCFA concentration represents, would be valuable to the tracing community. 
6.6 Synthesis and onward 
Sediment tracing has been evolving since the 1970s with basic geochemical properties and 
mineral magnetism being used in early studies, and fallout radionuclides (FRNs) appearing in the 
literature in the 1990s (Walling, 2013). Thousands of research papers have been published on the 
use of the FRN 137Cs (Mabit et al., 2008), for example, whereas a dozen or so papers have 
addressed the use of CSSIs as a tracing tool since the publication by Gibbs (2008) on CSSI 
tracing techniques. The preparation of samples for FRN analysis is relatively simple (Leslie, 
2009), with the samples being analyzed by gamma ray spectroscopy; geochemical properties 
may be analyzed through minimal preparation en masse for ICP-MS analysis. Analysis of each 
sample for geochemical properties may be performed in a matter of minutes, allowing for high 
throughput. 
In contrast, CSSI tracers require extensive procedures in sample preparation, from extraction 
to purification, to derivatization and final analysis via specialized instrumentation. While sample 
preparation for ICP-MS analysis is often performed by specialized personnel, learning the 
procedure under expert guidance may be achieved in a short period of time. In contrast, the 
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preparation of CSSI samples requires excellent laboratory skills, especially if tracers are to be 
quantified. Once a sample has been prepared for analysis, the analytical methods required to 
obtain CSSI data are time consuming, and thus throughput is slow. Unlike gamma ray 
spectroscopy or analysis by ICP-MS, the data obtained by GCC-IRMS analysis is not publication 
ready, and must be further scrutinized for reliability as well as adjustments made for 
derivatization of FAs to FAMEs. Furthermore, even though specialized technicians are required 
for GCC-IRMS analyses in general, FAMEs are particularly difficult to analyze due to high 
variability from sensitivity to analytical isotope fractionation. 
The use of CSSIs as a common tracing tool may thus seem unpalatable due to the 
complexities involved. In part, the issues stem from a lack of robust protocols, whereas other 
methods, such as FRN and geochemical analysis, have well-established methodologies. 
Although the laboratory methods will require further refinement in order to increase efficiency, 
the methods developed herein have demonstrated that isolation, quantification, and CSSI 
analysis of VLCFAs is possible.  
The CSSI sediment tracing technique is helping to expand the toolbox of available tracers in 
the development of composite fingerprinting approaches (Mukundan et al., 2012). With the 
addition of CSSI tracers, sediment source discrimination is possible based on terrestrial 
vegetation and crop types. This work has demonstrated that unique CSSI fingerprints may be 
isolated for sources in a heavily cropped agricultural watershed, and differentiation of sources 
based on land use is attainable; the major conclusions in the development of improved CSSI 
protocols is summarized in Table 6.1. The next steps in the development of the CSSI technique 
need to include: laboratory refinement; development of ISTDs; attention to the location and 
timing of sample collection; determination of the relationship between VLCFA concentrations 
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and soil; the creation of a hierarchical sediment tracing experiment that utilizes the composite 
fingerprint approach; and refinement of statistical methods with respect to unmixing models. 
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Table 6.1. Summary of the major conclusions drawn from the dissertation research toward improved CSSI protocols (objective iv). 
Biomarkers VLCFAs and related 
compounds (alkanes, 
primary alcohols). 
FAs ≥C20:0 in the soil are generally of plant origin and are therefore reflective of land use. Their recalcitrance is high; common FAs, 
such as C16:0 and C18:0 are ubiquitous and are favorably resynthesized by microorganisms. The polar carboxylic acid group allows for 
binding with clay particles, for example, making the VLCFAs subject to transport by adhering to sediment. 
Theoretical 
δ13CFA variability 
Biosynthetic. Major differences in δ13CFA values exist between C3 and C4 plants due to the manner in which CO2 is fixed. All C3 (or C4) plants share the 
same biosynthetic pathway in C16:0 and C18:0 production, thus no differences in δ13CFA values occur; chain elongation enzymes build 
FAs, two carbons at a time, with the possibility to produce unique isotope fingerprints between plant species. 
Environmental. All plants are subject to δ13CFA value variability due to environmental conditions. Factors include water availability and rate of 
photosynthesis. The rate of incorporation of 13CO2 versus 12CO2 during fixation will affect the CSSI signature for each VLCFA produced. 
Soil particle aggregates. The age of carbon has been found to increase with a decrease in particle size. The isotopic signature of the biomarker depends on the age 
of the carbon. Natural processes (e.g. rainfall, snowmelt) and anthropogenic (e.g. tillage) affect disaggregation. Sediment isotope 
signatures are thus dependent on the degree of disaggregation that occurs at the sediment source. 
Analytical. Isotopic fractionation may occur at various stages of GCC-IRMS analysis. Chromatographic fractionation, where 13CO2 elutes prior to 
12CO2, requires a high purity of extract for successful isotope determination. This type of fractionation needs to be particularly considered 
when interpreting isotope data as peaks are not homogeneous in their isotopic signature. 
Observed δ13CFA 
variability 
Spatial. Variability in δ13CFA values was observed at the point, transect and field scales, which has implications on sampling design. The CSSI 
tracer may be affected by the inclusion/exclusion of certain data points, and thus a priori information with respect to sites likely to 
generate sediment is beneficial.  
Shared cropping histories of fields may result in indistinguishable CSSI isotope signatures for fields that are physically separated. 
Knowledge of historical field boundaries is important in determining sampling locations.  
Examination of within field isotope variability reflected some of the environmental factors that were discussed in chapter 2. 
Temporal. As was suggested by a review of environmental factors affecting isotope variability in chapter 2, isotope values and VLCFA 
concentrations exhibited a temporal dependence, indicating multiple samplings are required throughout the growing season to capture 





Source apportioning after determining probability distributions provided by unmixing models is often performed using %C as a proxy for 
VLCFA concentrations. Based on the STCW data, a relationship between VLCFA concentrations and %C was found. 
Single VLCFA 
concentrations. 
A relationship was found between several individual concentrations of VLCFAs as being representative of the total number of VLCFAs 
examined for samples acquired in the STCW.  
Methodology Extraction/Purification. Methods were developed that allowed for good purification of VLCFAs as determined by GC-FID analysis. Recoveries appeared to be 
consistent for quantitative purposes. Investigation into the reproducibility (isotope, concentration) between soxhlet and PSE methods 
requires further investigation. 
Derivatization. Diazomethane was successfully synthesized in-house and used for derivatizing FAs to FAMEs. The method proved convenient; however, 
the δ13C value of in-house batches was quite negative relative to the VLCFAs methylated. Isotope fractionation was observed that 
appeared to be dependent on chain length and was non-linear.  
Internal standards (ISTDs). Ideal ISTDs for VLCFA analysis of isotopes were not found to be commercially available. The ISTDs should be part of the sample and 
contain high and low isotope values to allow for normalization for optimum data interpretation. External ISTDs were run before and after 
every three samples, with an internal ISTD used to correct for instrument drift.  
Quantification. Protocols were established for consistent quantification of VLCFAs as FAMEs using an ISTD and relative response factor (RRF) 
methods. The RRF was chain length-dependent and non-linear, requiring correction for each batch of four samples analyzed as instrument 
response decreased with the number of samples analyzed. Analytical error increased with the number of samples analyzed and chain 
length of the VLCFA FAME. Concentrations were converted from FAMEs to VCLFAs. 
δ13CFA analysis. Protocols were developed for the analysis of VLCFAs as FAMEs by GCC-IRMS. Data were normalized using a two point normalization 
method followed by further correction using an ISTD. A methyl correction factor was applied as determined by multiple analysis of 
VLCFA and VLCFA FAMEs by EA-IRMS. 
δ13Cbulk analysis. All samples from the STCW had to be treated for carbonates; the selected method was acid fumigation, which required the use of silver 
(Ag) capsules over standard tin (Sn). Issues with calibrating in-house standards in Ag due to combustibility led to the use of a Sn-Ag 
capsule combination. Combustibility improved, with a slight effect on isotope values and possible higher variability in %C determination, 
The increased error due to fumigation did not appear to affect soil apportioning outcomes where %C was used as a proxy for VLCFA 
concentrations. 
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